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FOREWORD 


At the end of its first year of operation as a constituent society of the American Institute of Mining, Met- 
allurgical, and Petroleum Engineers, Inc., the Society of Mining Engineers of AIME proudly presents AIME 
Transactions Volume 208. 

_ The contents of this volume represent a carefully prepared record of achievement in the minerals indus- 
tries. Those, whose generous contributions of time and effort made this volume possible, hope that thoughtful 
study of its contents will spur others to similarly record future advances in technology and technique in this 
basic industry. Only through such free exchange of ideas and information can our civilization progress—and 
progress we must, or perish. 

_ On behalf of the Boards of Directors of the Society and of the Institute, I wish to express sincere apprecia- 
tion for the work of the authors, discussers, and committeemen. This volume is a monument to their diligence 
and conscientious effort. 

Elmer A. Jones, President 
Society of Mining Engineers of AIME 
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Activation and Deactivation Of 
Sphalerite with Ag and Cn lons 


by A. M. Gaudin, D. W. Fuerstenau, and M. M. Turkanis 


Activation of sphalerite with silver ions results from the exchange of two Ag ions for 
one Zn ion in the sphalerite lattice. The exchange is proportional to the logarithm of 
time and proceeds until either of the reactants is consumed. Sodium cyanide prevents the 
activation of sphalerite by controlling the ratio [Zn**]/[Ag‘]° in solution. If sphalerite 
has already been activated with excess silver, cyanide ions can deactivate sphalerite pro- 


vided oxygen is present. 


OLUBLE silver salts are effective activators for 
flotation of sphalerite with potassium ethyl xan- 
thate as collector.‘ Since sphalerite takes up large 
quantities of silver ions rapidly,’* investigation of 
this system appeared fruitful for studying the mech- 
anism of sphalerite activation and deactivation. Ex- 
perimental data presented here comprise studies of 
the mechanism and rates of activation and deactiva- 
tion of sphalerite with silver and cyanide ions. 

A 20-lb sample of sphalerite from Ottawa County, 
Oklahoma, was handpicked, crushed, screened, hy- 
drosized to produce a 65/100-mesh fraction, and 
purified by electrostatic separation. The sphalerite 
was then leached with benzene and absolute ethyl 
alcohol to remove possible organic contaminants 
and with 0.1 M NaCN to remove any copper that 
might have been picked up during screening. The 
benzene had been specially purified by grinding 
with fine sphalerite for 12 hr to remove trace im- 
purities that might have had a specific affinity for 
sphalerite. Finally, the mineral was washed, dried in 
flowing nitrogen, and stored in large ground-glass 
stoppered weighing bottles under a small nitrogen 
pressure. 

The specific surface of two samples from the 
65/100-mesh sphalerite stock, measured by krypton 
gas adsorption,’ was 420 cm’* per g. Compared with 
spheres of the same size and specific gravity, the 
prepared mineral had five times as much surface. 
Results of a wet chemical analysis and of a spectro- 
graphic study are given in Table I. Manganese, 
nickel, tin, indium, thallium, cobalt, and magnesium 
were not detected spectrographically. 

All solutions were prepared by adding reagent- 
grade chemicals to conductivity water, which had 
been previously saturated with the desired gases. 
Nitrogen and oxygen were purified, but no attempt 
was made to purify the laboratory air. Radioanalysis 
was carried out with prepurified Ag™ tracer ob- 
tained from the Oak Ridge National Laboratory. 


A. M. GAUDIN, Member AIME, is Richards Professor of Mineral 
Engineering, Massachusetts Institute of Technology, Cambridge, 
Mass. D. W. FUERSTENAU, Junior Member AIME, formerly Assis- 
tant Professor of Mineral Engineering, Massachusetts Institute of 
Technology, is now with the Metals Research Laboratories, Electro 
Metallurgical Co., Niagara Falls, N. Y. M. M. TURKANIS, Junior 
Member AIME, is with the Ordnance Dept., Watertown Arsenal 
Laboratories, Watertown, Mass. 

TP 4412B. Manuscript, June 25, 1956. New Orleans Meeting, 
February 1957. 
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Fig. 1—Uptake of silyer from solution by sphalerite as a 
function of time. 
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The complete decay scheme for Ag” is complex. 
Its primary emissions are 0.09 and 0.55 mev £6 rays 
and 1.48 mev y rays’ and its half-life is believed to 
be 270 days. In preparation of solutions of AgNO,, 
the amount of Ag” added was negligible compared 
to that of the inert silver. 

Abstraction of silver from solution by sphalerite 
was measured after agitation of 1.5 g sphalerite with 
20 ml of solution in 50-ml pyrex flasks. All sample 
preparations were carried out in a dry box so that 
the proper atmosphere could be maintained. After 
the mineral had been agitated in the silver nitrate 
solution, an aliquot of the solution and a sample of 
the wet mineral were transferred to separate count- 
ing vials and weighed. The solid sample was dried 
and re-weighed and the activity in both vials 
measured by means of a scintillation counter. With 
scintillation counting it is possible to count y radia- 
tion from the solid and liquid, a distinct advantage 
over the older ®-ray counting techniques.* All meas- 
urements of silver activity were made using a 
sodium-iodide well-type scintillation counter. The 
amount of zinc in solution was measured colorimet- 
rically by the monocolor method of Sandell." 


Activation Studies 

Exchange Between Zinc Ions and Silver Ions 
During Activation: The increase of Zn‘ in solution 
during activation with Ag* is shown in Table II. 
These data indicate a replacement of one Zn" by 
two Ag*. Analysis of a separate two-month agita- 
tion test indicated that the replacement of Zn** by 
Ag* was, as expected, in the molar ratio of 2.0. 
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Fig. 2—Uptake of silver by sphalerite in the monolayer range 
as a function of the initial AgNO; addition. 
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from a solution containing 2x10 mols AgNO: per g of 
sphalerite initially. 


Rate of Silver Uptake as a Function of Initial 
AgNO, Concentration: Abstraction of Ag* from 
solution in a nitrogen atmosphere was measured for 
different initial silver nitrate concentrations (10°, 
2x10”, 2x10“, and 7x10* mols AgNO, per g of sphal- 
erite) as a function of time in agitative contact. The 
data, shown in Fig. 1, indicate that Ag* uptake is a 
logarithmic function of time. Fig. 1 shows that 
sphalerite completely takes up the Ag* in 30 min 
when the addition is 1x10~° mols per g and in 180 
min when the addition is 2x10° mols per g. 

With the extraction of silver from solution, initially 
yellow sphalerite darkened until it became black. 
Average film thicknesses have been estimated on 
the basis of the volume of ZnS replaced by Ag.S for 
a surface area of 420 sq cm per g and these thick- 
nesses correlated with the color changes. A very 
slight darkening was noticed when even 3x10° mols 
Ag* per g were extracted (layer about 9A thick) 
and the particles appeared completely black when 
2x10” mols Ag* per g were extracted (layer about 
60A thick). In one experiment sphalerite placed in 
a 1.5 molar AgNO, solution turned completely black 
in about 1 sec. This means that the silver sulfide 
coating became at least 60A thick within 1 sec. 
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Table |. Analysis of Stock Sphalerite 


Percentage Reported 


Element Wet Analysis Spectrograph 
Z 65.9 — 
32.9 
Cd 0.51 Less than 1.0 
Fe 0.21 Less than 0.3 

0.10 
0.034 Less than 0.1 
Ag Less than pe Trace 

Ge — Less than 1.0 
Ga — Less than 0.1 


Table Il. Replacement of Zn** by Ag* in Activation 


Ratio of Ag+ 


Ag+ Extracted 
Extracted to Zn*++ 


from Solution, 


Zn++ Released 
to Solution,* 


Mols/G x 10° Mols/G x 10° Released 
0.25 0.51 2.0 
0.59 1.22 2.0 
0.75 1.42 1.9 
0.83 1.61 1.9 
0.91 1.78 2.0 


*In the absence of Ag+, 6.1 x 10-6 mols Zn++ per liter were found 
in solution. 


Table III. Evaluation of the Ratio [Zn**]/[Ag*]° for Uptake of 
Ag* from Solutions Containing Zn**, Ag*, and CN” Buffered 


at pH 9.0 

NaCN 
Addition Total [Zn++] [Ag+] 

in Mols Silver in in Mols in Mols 
per Liter Solution per Liter per Liter [Zn++]/[Agt+]}2 
1x 10-5 4.94 x 10-7 2.1 x10 1.34 x 10-14 1.2 x 10% 
3x 10-5 1.60 x 10-6 PAG pedi 4.50 x 10-15 1.0 x 10% 
5x 105 1.21 x 10-5 2 =O 3.44 x 10-14 1.7 x 10% 
exe O=> 1.64 x 10 2 x 10-+ 2.84 x 10-14 2.5 x 1023 
i 10-4 1.80 x 10 1.99 x 10-4 1.13 x 10-14 1.6 x 10% 
2x 10-4 1.82 x 10-5 1.86 x 10-+ 3.31 x 10-5 1.7 x 10% 
3 x 10-+ 1.88 x 10-5 1.69 x 10-+ 2.13 x 10-45 3.7 x 10% 
5x 10-4 1.91 x 105 1.57 x 10-4 4.78 x 10-16 6.9 x 10% 
1x 10-3 1.98 x 10-5 0.37 x 10+ 4.60 x 10-18 1.8 x 10% 
1x10 2.0 LOE 5:3) 2.0 x 10% 


Results of the extraction of Ag* from solution by 
sphalerite after 30 min agitation in solutions con- 
taining less than the amount of Ag* necessary for 
a monolayer (4.7x10"% mols per g) are given in Fig. 
2, which shows that about the same amount of Ag* 
is left in solution at the end of each test, regardless 
of the starting quantity. Apparently much more 
than 30 min is required for sphalerite to extract the 
last traces of dissolved silver. No darkening was 
noticeable in any of the samples of sphalerite used 
in this series of tests. 

Additions of zine acetate to the silver nitrate 
solution prior to the addition of sphalerite, within 
the range tested, did not seem to affect either the 
rate or the overall uptake of Ag’. 

Effect of Atmosphere on the Rate of Silver Up- 
take by Sphalerite: At 2x10° mols of AgNO, per g 
of sphalerite, a series of tests were made in oxygen 
and in air to compare with the results in a nitrogen 
atmosphere. Results given in Fig. 3 indicate that 
silver uptake does not depend on the presence or 
absence of oxygen. 

X-Ray Studies on the Silver Coating: Numerous 
X-ray diffraction patterns were made of the clean 
sphalerite and of the silver-activated phase to de- 
termine the crystal structure of the dark surface 
phase. Although there were differences in the line 
intensities of the various samples, the lattice spacing 
showed no differences from the untreated sphalerite. 
The high angle lines indicated a definite but slight 


increase in the lattice spacing of the activated sphal-. 


erite over the untreated mineral. 
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Fig. 4—Uptake of silver by sphalerite from a solution con- 
taining 2x10° M AgNO; and 2x10‘ M zinc acetate at pH 
9.0 as a function of the addition of sodium cyanide. 
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Fig. 5—Deactivation of silyer-activated sphalerite with ex- 
cess sodium cyanide in a nitrogen atmosphere. 


A sample of 5 g of 65/100-mesh sphalerite was 
agitated for two months with more AgNO, than 
would be required for complete exchange of the 
zine in the mineral. Some of the sphalerite spalled 
from the surface during this test. A screen analysis 
showed the sample to be 96.5 pct 65/100 mesh and 
2.5 pct —325 mesh, the intermediate sizes compris- 
ing 1 pet of the sample weight. The +325-mesh 
fraction contained 18.0 pct Ag, 52.3 pet Zn, and 28.3 
pet S. Calculation from this analysis suggests a 
coating several microns thick. The —325-mesh frac- 
tion was used for X-ray studies. No evidence was 
found for any of the crystalline forms of silver 
sulfide. 

Analysis of the solid of another 5-g sample, 
agitated for six months with excess AgNO;, showed 
that it contained 49.6 pct Ag, 28.5 pet Zn, and 21.3 
pet S. It appears from these results that in all like- 
lihood Ag* can completely exchange for Zn** in 
sphalerite if enough time is allowed, and that the 
resulting product is not coarsely crystalline silver 
sulfide. 

Silver Uptake in the Presence of Sodium Cyanide 
and Zinc Acetate: Since the uptake of Ag* by sphal- 
erite appears to be controlled by the exchange of 
Ag* for Zn** in the sphalerite lattice, the relative 
concentrations of free Zn** and Ag* in solution should 
control the uptake of Ag* by sphalerite. By adding 
zinc acetate to the system in the presence of a strong 
silver-complexing agent but weak zinc-complexing 
agent, it should be possible to control the relative 
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concentrations of free Zn** and Ag* in solution. Such 
experiments have been made recently at Massachu- 
setts Institute of Technology by G. W. Mao and 
G. D. Seele, who agitated 5-g samples of 65/100- 
mesh sphalerite for 60 min in 100 ml of solution 
containing 2x10° mols AgNO, per liter and 2x10~* 
mols zine acetate per liter with variable sodium 
cyanide additions. The solutions were buffered at 
pH 9.0 with 1.7x10° mols NaOH and 3.4x10~% mols 
H,BO, per liter. The experimental data, plotted in 
Fig. 4, show that about 10° mols NaCN must be 
added to the system to prevent completely the acti- 
vation of sphalerite with Ag* under these conditions. 
Addition of about 5x10° mols NaCN is critical. 

Deactivation with Sodium Cyanide: Experiments 
were performed to remove the silver coating from 
Ag-activated sphalerite in both nitrogen and oxygen 
atmospheres. One and one-half gram samples of 
mineral were agitated with 3xl0° mols AgNO, in 
20 ml of solution for various lengths of time, fol- 
lowed by the addition of 6x10~* mols of NaCN to the 
same solution before further agitation. In Figs. 5 
and 6 the amount of silver removed from the sur- 
face is plotted as a function of the deactivation time 
for nitrogen and oxygen atmospheres, respectively. 
Comparison of these figures shows that the deactiva- 
tion is strongly favored by oxygen, as might be 
expected by analogy with fundamental facts in 
cyanidation process. 


Discussion of Results 
Mechanism of Film Formation: The blackening of 
the sphalerite surface with increasing extraction of 
Ag* from the activating solution indicates that the 
surface layer must be many ions in thickness. Since 
the experiments show that one Zn" is released to 
the solution for two Ag* taken up by the mineral, 
activation is an exchange described by the following 
equation: 
ZnS.) + 2 Ag* = + Zn”. [1] 


From free energy considerations, the solubility prod- 
uct of sphalerite’ is 7.0x10™ and that of silver sulfide’ 
is 6.2x10~. The equilibrium constant for the ex- 
change given by Eq. 1 would then be 7.0x10°”/6.2x10™ 
or about 10°. However, the value of the equilibrium 
constant for Eq. 1 might range from 10” to 10” be- 
cause the published data®’” for the solubility 
product of ZnS ranges from 10” to 10” and that 
for Ag.S ranges from 10” to 10. Regardless of 
whether K for Eq. 1 is 10° or 10”, any Ag* should 
have a tremendous affinity for the mineral, and the 
presence of Zn** in the absence of a silver-complex- 
ing agent obviously cannot exert enough mass action 
to affect the activation of sphalerite by Ag”. 

The direction in which the replacement given by 
Eq. 1 proceeds is dependent upon the ratio [Zn**|/ 
[Ag*]’ in solution. If this ratio is less than 10” 
(based on the free energy data for the solubility 
products of the two sulfides), Ag* should replace 
Zn** in the sphalerite lattice, but if the ratio is 
greater than 10”, Zn** should have the preference. 
By use of a silver-complexing agent, such as NaCN, 
the concentration of Ag* can be driven to a low 
value and the uptake of Ag* by sphalerite can be 
controlled. The following data apply to this system:* 


Ag(CN)== Ag* + 2CN-,K =1.8x10™ [2] 
Zn(CN),- = Zn* + 4CN-, K = 1.3x10™ [3] 
HCN,, = Ht + CN’, K = 4x10™. [4] 
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cess sodium cyanide in an oxygen atmosphere. 
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Fig. 7—Rate of silver uptake by sphalerite as a function of 
time. 


To obtain the data for Fig. 4, the uptake of Ag* 
by 5 g of sphalerite from 100 ml of solution con- 
taining 2x10° mols AgNO, per liter and 2x10~* mols 
zine acetate per liter was measured as a function of 
the addition of NaCN at pH 9.0. Using the equi- 
librium constants given for Eqs. 2, 3, and 4, it is 
possible to calculate the concentration of free Zn** 
and Ag* in solution for these conditions. From these 
calculated values it is possible to evaluate the ratio, 
[Zn**]/[Ag*]’. In Table III the data are tabulated. 
According to Table III, conditions for the uptake of 
Ag' in the presence of CN~ and Zn** are such that 
the ratio in solution of [Zn‘*]/[Ag*]’ varies from 
2x10” when 98 pct of the Ag* is on the mineral to 
2x10” when less than 1 pct of the Ag is on the solid. 
All but two of the points lie between 10” and 2x10”. 
It is certainly significant that this critical ratio is 
so near the equilibrium constant for Eq. 1. If a 
diagram is plotted in which the abscissa is the 
amount of cyanide added and the ordinate is the 
experimental ratio [Zn**]/[Ag*]’, this diagram 
should show a horizontal section if there is forma- 
tion of a new phase of Ag.S (Carl Wagner). This is 
not quite borne out by the data, which show a little 
too much scatter for any conclusion either way. 
Clearly additional work is required to relate com- 
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pletely the critical experimental ratio [Zn**]/[Ag*]’ 
to the equilibrium constant for the exchange, new 
phase formation, and the exchange of Ag* for Zn™ 
in the sphalerite lattice. 

Beyond a monolayer the uptake of silver ions ap- 
parently proceeds by Ag* progressively replacing 
Zn** in the sphalerite lattice from the surface into 
the solid. Several factors point to the fact that Ag* 
ions do not diffuse through the sphalerite solid but 
that two distinct phases are present, with a probable 
boundary zone between them. Riehl and Ortmann” 
showed that the presence of 0.01 pct Cu in sphalerite 
poisons the diffusion of Ag* into the lattice and the 
sphalerite used in this work contained 0.034 pct Cu. 
Secondly, Gaudin” has cited evidence of sphalerite 
marginally replaced by argentite, which shows that 
the diffusion of silver through sphalerite can be 
negligible even in geologic time. 

X-ray study of heavily argented sphalerite failed 
to show any new phase. It may be that the Ag,S 
layer formed at the surface is amorphous, and the 
suggestion of a strained ZnS lattice results from 
remnants of the ZnS lattice within the amorphous 
Ag.S layer. Cooke’ found that activating sphalerite 
at about 100°C for 50 days in 0.1 M silver nitrate 
causes it to disintegrate completely, and X-ray 
studies by Cooke on this material showed it to be 
argentite. 

Diffusion as the Rate-Controlling Step in Activa- 
tion: Fig. 1 shows that the time required to take up 
say 10° mols Ag* per g of mineral varies widely 
with the concentration of silver in the solution. 
When the data are plotted as in Fig. 1 with total 
amount abstracted against log time straight lines 
are obtained, with nearly the same slope. 

At high concentrations the uptake of Ag can be 
expressed as 


i 


where I is the total mols Ag* extracted from solu- 
tion per gram of sphalerite, T,; is the total mols Ag* 
extracted from solution per gram of sphalerite in 
1 min, t is the time in minutes, and k is a constant 
for a given set of conditions. T,; and k seem empiri- 
cally to be family constants, dependent solely on the 
initial Ag* concentration in solution. 

In Fig. 7 the logarithm of the rate of Ag* uptake, 
dt/dt, is plotted against the logarithm of the re- 
action time in minutes. The lines obtained, which 
correspond to the lines drawn on Fig. 1, are parallel, 
of slope —1, and show that the rate of silver uptake 
is inversely proportional to the reaction time. 
Furthermore, it can be seen that if the total amount 
of Ag* in solution is initially greater than at least 
2x 10° mols per g of sphalerite, that is, under con- 
ditions where the Ag* concentration in solution re- 
mains essentially constant and large, the rate of Ag* 
uptake depends only on reaction time. Three fac- 
tors vary with reaction time: total Ag* concentra- 
tion in solution, total Zn** concentration in solution, 
and film thickness. Since the concentration of Zn** 
in solution was found to have no effect on the Ag* 
uptake in the absence of CN’, and since the reaction 
rate is inversely proportional to the reaction time 
even though the concentration of Ag* in solution re- 
mains constant or decreases to nil, the rate of up- 
take of Ag* by sphalerite must be controlled by the 


film thickness. From this it appears that diffusion - 


of ions through the thickening silver sulfide coat- 
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Fig. 8—Rate of silver uptake as a function of the additional 
thickness after 1 min. 


ing should be examined. Because of the relatively 
thin film thicknesses as compared to the particle 
diameter, the Ag* uptake in mols per gram of sphal- 
erite is a measure of film thickness. On this basis, 
the rate of uptake of Ag* by sphalerite is plotted as 
a function of the increase in film thickness in Fig. 8. 
This figure shows that for a wide range of initial Ag* 
concentrations the rate of uptake is a negative ex- 
ponential function of the increase in film thickness, 
and when the initial Ag* concentrations are high 
enough so that they remain essentially constant, the 
rate curves are superimposed. Differences in the 
initial rates probably result from boundary-layer 
diffusion, since at higher concentrations in the lq- 
uid phase, Ag* ions have a shorter distance to travel 
to the sphalerite surface. Once the initial rapid ex- 
change has taken place and a limiting film thickness 
has been built up, increasing the driving force has 
little effect on the rate. At lower concentrations, 
however, the continual reduction in the driving 
force apparently aids in decreasing the reaction rate. 

Possibly the buildup of a silver sulfide layer on 
sphalerite follows the exponential law because the 
lattice of the coating is so different from that of the 
substratum as to be equivalent to the formation of 
microcracks within the silver sulfide layer. These 
discontinuities in coating may be used to transport 
Ag* and Zn** through the layer. The logarithmic 
law for oxide film growth on metals, which appears 
to be similar to the formation of a silver sulfide 
layer on sphalerite, has been explained on the basis 
of microcracks in the surface layer.” 

Deactivation of Silver-Activated Sphalerite: Fig. 
5 shows that partial removal of silver sulfide coating 
on sphalerite is achieved under the specified con- 
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ditions. Calculation, in this case of deactivation in 
nitrogen atmosphere, shows that when the cyanide 
is added the ratio [Zn**]/[Ag*]*? ranges fom 10” to 
10”, thus coinciding satisfyingly with the critical 
range found for silver abstraction by sphalerite. 
Had the deactivation experiments corresponded to 
higher initial [Zn**]/[Ag*]’ ratio, it may be assumed 
that the rate of deactivation would have been 
higher. This is perhaps what happens when oxygen 
is present, as an oxygenated system would lead to 
increased production of Zn** through oxidation of 
the mineral and its coating (Fig. 6). 


Summary and Conclusions 
It was found experimentally that Ag* forms a 
silver sulfide layer on sphalerite through an ex- 
change mechanism according to the following equa- 
tion: 
ZnS,.) + 2Ag*=Ag.S.) + Zn"; 
K ~ 10” to 10” 


The exchange is proportional to the logarithm of 
time and proceeds until either of the reactants is 
consumed. X-ray diffraction patterns on the Ag.S 
film formed on sphalerite were inconclusive. 

In the absence of a Ag* —complexing agent, ex- 
cess Zn has no effect on Ag* uptake because of the 
tremendous affinity of sulfide ions for Ag* over Zn". 
However, in the presence of cyanide ions, the con- 
centration of free Ag* can be brought to such a low 
value that the Zn** in solution prevents activation. 
Measurements of the uptake of Ag* by sphalerite in 
the presence of NaCN show that if the ratio 
[Zn*]/[Ag*]° in solution exceeds about 10”, the up- 
take of Ag* is nearly nil. If sphalerite has already 
been activated with excess Ag*, cyanide ions can 
deactivate sphalerite provided oxygen is present. 
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Flotation Characteristics 
Of a Florida Leached Zone 
Phosphate Ore with Fatty Acids 


by SiGe Stn Snowednday 


A study including effects of 1) pH value, 2) fatty acid collector, 
3) tuel oil, 4) interfering ion, 5) particle size, and 6) operational 
variables. Test results indicate feasibility of fatty acid flotation 
under certain restrictive conditions. 


ATTY acids have been used as standard collectors 

for floating the matrix’** but not the leached zone 
phosphate ores. After a series of investigations, 
Davenport’ and Tarbutton’® concluded that the 
Florida leached zone ores tested were unamenable 
to fatty acid flotation and must be upgraded by float- 
ing the siliceous gangue with Armac-T as collector. 
The cationic flotation was estimated” to cost almost 
ten times as much as a fatty acid process that would 
ideally give the same flotation grades and recoveries 
of phosphates. 

Mineralization: Extensive deposits 
zone aluminiferous phosphate occur in Florida.’ 
The ore sample used for this work was obtained 
from the Virginia-Carolina Chemical Corp., Clear 
Springs area, Florida. The ore is a potential source 
of uranium and aluminum as well as phosphorus. 
Since the uranium and the recoverable aluminum 
are contained in some of the phosphate minerals, an 
upgrading of phosphate results in a corresponding 
enrichment of both uranium and aluminum. The 
phosphate minerals in the ore are primarily pseudo- 
wavellite, millisite, and carbonate fluorapatite, with 
a minor amount of wavellite. Quartz and clay are 
the common gangue minerals, quartz being pre- 
dominant. Others present in small amounts are 
ilmenite, hydrated iron oxides, staurolite, monazite, 
and zircon. 

Experimental Procedures: After being dried to 
less than 1 pct surface moisture the material was 
dry-ground in a Hardinge conical ball mill to —6 
mesh. The ground product was classified into 6/20, 
20/200, and —200 mesh size fractions. On the basis 
of Table I, the coarse and fine size fractions were 
considered as phosphate concentrates, because of 
their high phosphorus contents. In contrast, the 
20/200 mesh fraction, which was low in phosphorus, 
was used as the flotation feed. 


of leached 
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All the flotation tests, unless otherwise stated, 
were performed in a laboratory Fagergren machine 
under the following conditions: 1) 400 g of solid 
feed for each test, 2) 2000 rpm impeller speed, 3) 8.9 
pH and 4-min conditioning, and 4) 3-min flotation. 
The procedure used for the quantitative bubble 
pick-up tests has been described previously.” 


Table |. Size and Chemical Analyses of a —6 Mesh Florida 
Leached Zone Phosphate Ore 


Acid 
P20;, Pet Insoluble, Pct 
Particle In Acid 
Size, wt, Analy- Distri- Solu- Analy- Distri- 
Sample Mesh Pet sis bution ble sis bution 
Ore _ 100.0 13.24 100.0 32.5 59.3 100.0 
6/20 1.84 24.39 3.4 33.2 26.6 0.8 
20/200 71.80 9.32 50.5 Sou 72.4 87.7 
—2 26.36 23.19 46.1 SIS 26.0 11.5 
Flotation 20/200 100.0 9.56 100.0 34.6 72.1 100.0 
Feed 20/35 12.4 12.72 16.5 36.4 65.1 11.2 
35/48 20.4 7.98 17.1 35.6 77.6 21.9 
48/65 33.5 8.52 29.8 34.6 75.4 35.0 
65/100 20.2 9.45 20.0 34.2 72.4 20.3 
100/150 7.9 11.30 9.3 29.9 62.2 6.8 
150/200 3.E 11.67 4.5 31.9 63.4 3.2 
—200 1.9 14.05 2.8 34.9 59.7 1.6 


Table Il. Relative Collecting Power of Different Fatty Acids on the 
Rougher Flotation of a 20/200 Mesh Florida Leached Zone Phos- 
phate Ore with 0.12 Lb per Ton of Pine Oil as Frother at pH 8.9 


Fatty Acid 
Product Distribu- 

Test Amount, tion of 
Num- Lb. wt, Assay P20Os, 
ber Name Per Ton Name Pet P205 Pet 
0 None 0 Head 100.0 9.56 100.0 
1 Linoleic* 1.06 Concentrate 56.0 12.96 88.3 
Tail 44.0 2.18 
2 Oleic* 1.06 Concentrate 54.9 12.88 86.2 
Tail 45.1 2.53 13.8 

3 Linolenic* 1.06 Concentrate 18.6 16.78 38.0 
Tails 81.4 6.26 62.9 

4 Stearic or 
lauric* 6 Practically no flotation 

5 Crude tall oil** 0.64 Concentrate 21.7 26.07 68.8 
6 Reagent 708** 0.64 Concentrate 20.0 26.31 64.0 

7 Aliphat-44A** 0.64 Concentrate 24.3 23.57 69.6 

8 Neofat D-142** 0.64 Concentrate 20.0 23.22 56.5 
9 Oleic acid** 4 Concentrate 20.4 23.04 57.2 


_  * Fatty acid alone. 
** With 1.89 lb per ton fuel oil. 
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Experimental Results il 7 

Optimum pH: Fig. 1 shows that the optimum pH ne eee 
range for floating this material with oleic acid as 
collector is 8.5 to 9. Flotation occurs only when the oe 
pH value is higher than 7.0 and increases with pH a 
up to 9.1. After that, a further increase of pH re- 
sults in a sharp decrease in flotation. Sodium hy- 
droxide and hydrochloric acid were used as pH 
regulators. 

Fatty Acid Collectors: Tests 1 through 4 of Table 
II show that the collecting power of aliphatic fatty 
acids on the phosphate minerals of this ore decreases 
in the order of linoleic, oleic, linolenic, and stearic 
acids, each containing 18 carbon atoms with two, 
one, three, and zero double bonds, respectively. This 20 3 
means that the collecting power of the fatty acids 
on the phosphate minerals increases with increasing eA 2 | 
unsaturation of the hydrocarbon chain up to two | | 
double bonds; after that, a further increase in the 05 1.0 15 2.0 25 3.0 
number of double bonds reduces the collecting OLEIC ACID, LB/T. 
power. Tests 1 through 4 of Table IT indicate clearly Fig. 2—Rougher flotation of 20/200 mesh Florida leached 
that the collecting power of the fatty acids on quartz zone phosphate ore using yarious amounts of oleic acid. 
increases with increasing saturation of the hydro- Test conditions: 0.12 Ib per ton pine oil and 8.9 pH. 
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Ib per ton oleic acid and 0.12 Ib per ton pine oil. 1.06 Ib per ton oleic acid, 0.12 Ib per ton pine oil, and 8.9 
pH. 
Table III. Quantitative Bubble Pick-Up of Various Phosphate Minerals* 
Number of Pick-Up 
Phosphate Minerals Particles 
Hy dration*** Na-O1 Na-01 and 
Name Chemical Formula P205,*** Pct Percent Alone Kerosene 
Fluorapatite Ca; 42.2 0 100; 1507 
(Perth, Ontario, Canada) 
“Collophanite”’ Cap(PO4,COs) 6:CaFe 34.6-42.2 0-4.4 65 100+ 
(Clear Springs area, 
Florida) 
“Collophanite”’ Cap (PO4,COs) 6:CaF2 34.6-42.2 0-4.4 60 100+ 
(Brewster, Florida) 
Pseudowavellite** CaAl3 (POs) 2(OH)5:H2O 25.2-34.5 15.2-20.0 
Millisite** (Na,K) CaAle (POs) 4(OH) 9:3H20 33.8-34.8 16.5-18.0 — 
Wavellite Als (PO4)4(OH)9:3H20 32.7-34.5 27.4-28.6 45 657 
(Montgomery County, 
Arkansas) 
Variscite AIPO4:2H20 44.9 22.8 40 57+ 


(Fairfield, Utah) 


* Test Conditions: Inside diameter of bubble holder. 0.31 cm; particle size, 48/65 mesh; pH, 8.0 to 8.2; sodium oleate, 20 mg per 
liter; and kerosene, 139 mg per liter. 
** Sample not available 
*** Reference 15. 
+ Flocculation. 
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Fig. 4—Effect of interfering cations, added as the nitrate, on rougher flotation of 20/200 mesh Florida leached zone phos- 
phate ore in distilled water. A 0.1 Ib per ton of interfering ion signifies that the concentration of added cation in the pulp 
liquid is 4.35 ppm. Test conditions: 200 g solid feed, 8 pct solid pulp density, 1.06 Ib per ton oleic acid, 2.09 Ib per ton fuel 


oil, 0.12 Ib per ton pine oil, and 8.9 pH. 


carbon chain up to one double bond; however, sat- 
urated fatty acids including stearic and lauric give 
rise to practically no flotation. The data led to the 
conclusion that linoleic, but not linolenic acid, is 
superior to oleic acid, and that the saturated fatty 
acids are useless for floating this ore. It follows, 
therefore, that the presence of linoleic acid in some 
commercial collectors, particularly crude tail oil,” 
is chiefly responsible for their relative high collect- 
ing power, as shown in tests 5 through 9 of Table II. 
The above cited fatty acids, having a purity of 
greater than 99 pct, were prepared by the Hormel 
Foundation. 

Fuel Oil: Use of fuel oil for flotation of this ore 
with oleic acid as collector was investigated. Fig. 2 
shows that in the absence of fuel oil oleic acid is 
handicapped by its low collecting power on phos- 
phate minerals at low concentrations, and by its 
appreciable affinity for siliceous gangue minerals at 
high concentrations. Experimental data, not pre- 
sented, showed that this was also true for sodium 
oleate and linoleic acid. A comparison between Figs. 
2 and 3 shows that the shortcomings of oleic acid 
can be considerably remedied by mixing it with fuel 
oil. Fig. 3 shows that the addition of fuel oil not 
only increases the flotation of phosphate minerals, 
but also aids the rejection of silica. This may be 
explained by the fact that fuel oil or similar liquid 
hydrocarbons coat and flocculate only the collector- 
smeared phosphate particles but not the hydrophilic 
silica particles, because of hydrophobic adsorption.” 
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As a result, the highly floatable and preferentially 
flocculated phosphate particles are effectively float- 
ed from the practically nonfloatable and nonfloccu- 
lated silica particles with a minimum amount of 
oleic acid. 

The beneficial effect of liquid hydrocarbons was 
further verified by bubble pick-up tests. Table III 
shows that kerosene is capable of increasing both 
the floatability and flocculation of phosphate min- 
erals in sodium oleate solutions. Test data, not pre- 
sented, showed that this was also true for fuel oil, 
soybean oil, dodecane, and similar liquid hydro- 
carbons. Table III indicates also that the aluminum 
phosphate minerals of leached zone ores are less 
susceptible not only to the adsorption of sodium 
oleate but also to the subsequent coating of kerosene, 
as compared with the calcium phosphate minerals 
of matrix ores. 

The optimum ratio of fuel oil to oleic acid for the 
phosphate flotation of this ore was found to decrease 
with an increase of oleic acid. For example, the op- 
timum ratio was around 5 and 1.6 respectively for 
1.06 and 1.27 lb per ton of oleic acid. When the con- 
centration of oleic acid was 1.5 lb per ton and higher, 
any addition of fuel oil tended to flatten the froth 
and thus resulted in a sharp drop of yield. 

Interfering Ions: Phosphate flotation was impos- 
sible during the hurricane season, since the tap 
water was contaminated by the flood. A series of 
spectrographic analyses was made to identify the 
impurities in the water and in the pulp liquid. Table 
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Table IV. Spectrographic Analyses of Water and Filtrate of Ore* 


Ore Filtrate 


Tap Prepared with 
Water During 
Inter- Hurricane Distilled Distilled Tap Water 

Test fering Season of Water, Water, (Calculated), 
Number Ion 1955, Ppm Ppm Ppm Ppm 
1 Ca 8.36 0.15 2.712 10.93 
2 Mg 3.22 0.10 0.11 3.23 
3 Al 0.08 N.D. 2.45 2.53 
4 Si 0.26 N.D. 1.09 1.35 
5 P N.D. N.D. 1.09 1.09 
6 Fe 0.05 0.05 0.27 0.27 
i Ti 0.01 N.D. 0.06 0.07 
8 Pb 0.04 N.D. 0.01 0.05 
9 Ba 0.01 N.D. 0.01 0.02 
10 Cu 0.01 N.D. 0.01 0.02 
11 Cr 0.01 N.D. 0.01 0.02 
12 Mn 0.01 N.D. 0.01 0.02 
13 Ni 0.01 N.D. 0.01 0.02 
14 Sr N.D. N.D. 0.02 0.02 


_* Prepared by agitating 200 g of 20/200 mesh ore in 2300 ce dis- 
tilled water for 4 min. 
N.D.: Not detected. 


IV shows that the amount of elemental impurities in 
the pulp liquid decreases in the order of Ca, Mg, Al, 
Ba, Cu; Cr. Mn, Ni,and Sr. Of 
these ions Ca and Mg are largely supplied by tap 
water, whereas the rest of them are imparted by the 
ore. It shows also that ions present in appreciable 
quantities in the pulp liquid are Ca, Mg, Al, and Fe, 
particularly Ca. Flotation of this ore is practically 
inhibited whenever the total concentration of these 
four ions in the pulp liquid reaches 17 ppm, which is 
equivalent to 0.39 lb per ton under the flotation 
conditions of Fig. 4. It follows, therefore, that tap 
water containing more than 10 ppm of these four 
ions is not suitable for floating this ore. The analy- 
tical data on silica and phosphorus indicate that 
under normal conditions there are enough water 
soluble silicates and phosphates in the pulp for silica 
depression.” 

A series of flotation tests was made to determine 
the toxicity of different interfering ions, primarily 
Ca”, Al*, Fe*, and Pb”. In addition, spot tests were 
made on the ill effects of Mg*, Cu”, and Ba”* ions. 
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Fig. 5—Effect of coarse particles on rougher flotation of 20/ 
200 mesh Florida leached zone phosphate ore. Test condi- 


tions: 0.64 Ib per ton oleic acid, 1.9 Ib per ton fuel oil, 0.12 
Ib per ton pine oil, and 8.9 pH. 
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These ions were all introduced as nitrate salts. Dis- 
tilled water was used for this particular series of 
flotation tests. The results, as plotted in Fig. 4, show 
that these ions, in excessive concentrations and at 
pH 9, are capable of not only activating silica, but 
also of depressing phosphate. However, ferric and 
aluminum ions, at extremely low concentration, are 
activators for both silica and phosphate. Activation 
of silica by these ions has often been studied*™ and 
no repetitious explanation is necessary. The fact that 
silica is not activated by ferric ion at high con- 
centrations is attributed chiefly to the precipitation 
of ferric hydroxide” and partly to the high pH 
value.” The nonactivation of silica by calcium may 
be caused by the improper molal ratio” between 
oleate and calcium ions. 

In contrast to studies of the activation of silica, 
previous work on the depression of phosphate is 
scanty. It is postulated here that the depression of 
phosphate by these cations is caused chiefly by pre- 
cipitation of oleate ions in the bulk solution as in- 
soluble metal oleates and partly by coating of the 
phosphate surface with a nonfloatable layer of hy- 
drolyzed metal colloids. Considering precipitation, 
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Fig. 6—Effect of —200 mesh slimes on rougher flotation of 
20/200 mesh Florida leached zone phosphate ore. Test con- 
ditions: 0.74 Ib per ton oleic acid, 2.2 lb per ton fuel oil, 
0.12 Ib per ton pine oil, and 8.9 pH. 
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Fig. 7—Effect of pulp density on rougher flotation of 20/200 
mesh Florida leached zone phosphate ore. Test conditions: 
1.06 Ib per ton oleic acid, 2.09 Ib per ton fuel oil, 0.12 Ib 
per ton pine oil, and 8.9 pH value. 
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Table V. Effect of Various Interfering lons on the Bubble Pick-up 
of 48/65 Mesh Wavellite at pH 8.8 


Treating Particles 
with 100 Ce of 12.5 
Mg per Liter Inter- 
fering Ion and Then, 
After Washing, 
Placing in 100 Ce of 


Simultaneous Treatment of 
Particles with Interfering Ion 
and Na-01 in 100 Ce Solution, 


Containing: 35 Mg per Liter Na-01 
Washed 
12.5 Som 12.5 Washed with 
Mg per Mg per Mg per Twice 5 Pet 
Liter Ion, LiterIon, Liter Ion, with NaOH HCl Solu- 
Inter- 50 Mg 20 Mg 30 Mg Solu- tion and 
fering per Liter per Liter per Liter tion at Distilled 
Ion Na-01 Na-OL Na-OL pH 8.8 Water 
(1) (2) (3) (4) (5) 
None 150* 100* 100* 100* 100*+ 
Pbt2 70 75 50 65 74 
Cu+2 70 75 45 65 80 
Bat? 60 85** 45 50 85 
Mgt? 70 70 48 60 72 
Ca+2 70 80** 45 60 80 
Al+3 35 65 30 35 43 
Fe+3 30 Ose 25 30 45 


* Flocculation. 

** Partial flocculation. 

+ Pretreated with 5 pct solution for 5 min followed by washing 
with distilled water for 5 min. 
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Fig. 8—Effect of pulp temperature on rougher flotation of 
20/200 mesh Florida leached zone phosphate ore. Test con- 
ditions: 1.06 lb per ton oleic acid, 2.09 Ib per ton pine oil, 
and 8.9 pH. 
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Fig. 9— Effect of impeller speed on rougher flotation of 

20/200 mesh Florida leached zone phosphate ore. Test con- 


ditions: 1.06 Ib per ton oleic acid, 2.09 Ib per ton fuel oil, 
0.12 Ib per ton pine oil, and 8.9 pH. 
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the concentration of oleate in solution can be sub- 
stantially reduced by the precipitating effect of ex- 
cessive amounts of interfering ions. Under these 
circumstances the remaining oleate ions are quan- 
titatively insufficient for effective phosphate flota- 
tion. This is in agreement with the previous finding” 
that at high concentrations the above cited interfer- 
ing ions are depressants for barite and calcite in soap 
flotation. Regarding the resurfacing of phosphate, 
columns 4 and 5 of Table V show that a phosphate 
particle pretreated with any one of the interfering 
ions is less floatable than an untreated particle and 
that the depressed particle can be considerably 
cleaned by acid washing to regain most of its origi- 
nal floatability. The data indicate also that the dele- 
terious effect of resurfacing is quite pronounced in 
the case of the trivalent cations, Fe** and Al”, but is 
less significant for the divalent cations. Columns 2 
and 3 of Table V show that the depression of phos- 
phate increases directly with the concentration of 
the interfering ion. 

Particle Size: Tests were made to determine how 
flotation of this ore is affected by the presence of 
coarse particles. Fig. 5 shows that, while other fac- 
tors are kept constant, an increase of the upper size 
limit of feed from 65 to 35 mesh and coarser results 
in a considerable decrease of flotation recovery at 
the compensation of grade. According to the multi- 
bubble hypothesis,” the flotation of coarse particles 
is difficult and becomes possible only for phosphate 
minerals having a high contact angle. Another fac- 
tor to be considered is the lack of liberation of 
coarser particles. 

The effect of —200 mesh slimes was also tested. 
Fig. 6 shows that the presence of slimes in feed not 
only reduces the phosphate recovery but also lowers 
the grade of flotation concentrate. This can be ex- 
plained” by the fact that colloidal slimes are capable 
of: 1) consuming large quantities of reagents, 2) 
coating surfaces of both mineral particles and oil 
droplets, and 3) causing the nonselective levitation 
of fine particles in the initial stage of flotation. 

Operational Variables: Tests were made to deter- 
mine the effects of operational variables, such as 
pulp density, temperature, and impeller speed, on 
the phosphate flotation of the ore. Fig. 7 shows that, 
while other factors are kept constant, flotation re- 
covery increases and grade decreases slightly with 
an increase of pulp density up to 50 pct solids. An 
increase in pulp density not only increases the buoy- 
ant forces on the bubble-attached mineral particles,” 
but also facilitates the smearing of mineral surfaces 
by oleic acid and oil droplets, owing to the minute 
spacing between particles in thick pulps. Fig. 8 
shows that an elevation of temperature depresses 
phosphate but activates silica. The most advanta- 
geous pulp temperature appears to be around 20°C. 
This may be caused by the increased solubilities of 
some of the interfering ions at higher temperatures. 
Fig. 9 shows that the optimum impeller speed for 
floating this particular ore is about 1600 rpm. Low 
impeller speeds will neither keep the coarse particles 
in suspension nor prevent the mechanical entrap- 
ment of silica by flocculated phosphate. In contrast, 
the violent agitation of an extremely high impeller 
speed not only destroys the attached bubbles on the 
coarser particles” but also facilitates introducing 
toxic ions from the ore into the pulp liquid. 

Feasibility of the Process: The feasibility of the 
fatty acid process for phosphate flotation is sup- 
ported by the experimental data of Table VI. To 
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Table VI. Optimum Flotation Results of Florida Leached Zone Phosphate Ores 


Reagent, Lb per Ton 


Product Assay, Pct Distribution, Pct an 
Test Type of = — Armac Oleic Fuel Pine Flotation 
Number Flotation* Name Wt, Pct P20; Insoluble P20; Insoluble pH 7 Acid Oil Oil Time, Min 
1 Fatty acid C-1 ore** 100.0 9.32 70.0 100.0 100.0 
(C-1 Rough concentrate 30.0 26.40 14.4 85.0 6.1 8.8 1.06 5.24 0.12 3 
ore) Rough tail 70.0 2.00 93.9 15.0 93.9 
Fatty acid C-2 ore} 100.0 5.83 81.3 100.0 100.0 
(C-2 Rough concentrate 14.5 25.65 15.2 63.9 Qi 
ore) Clean concentrate 12.8 27.78 8.2 61.1 1.2 8.9 1.06 2.62 0.17 3 
Rough tail 85.5 2.46 92.5 36.1 97.3 8.6 0.0 0.0 0.0 2 
Clean tail 9.96 68.0 2.8 125 
3 Amine C-1 ore** 100.0 8.72 80.6 100.0 100.0 
(C-1 Rough concentrate 27.4 17.20 42.6 54.0 14.2 0.36¢ 5 
ore) Rough tail 82.6 4.86 83.6 46.0 85.8 


* 400 g of ore; 16 pct solids. 
** 20/200 mesh ore from Clear Springs area, Florida. 


+ 14/200 mesh ore from Clark James—South Ridgewood, Florida. 


Frother B-23. 


refer to this table, test 1 shows that the leached 
zone phosphate ore from Clear Spring area, Florida, 
can be effectively floated by the fatty acid process to 
result in a rougher concentrate of 26.4 pct P.O; and 
85 pct recovery. The feasibility of the fatty acid 
process was further verified by experimenting with 
another Florida leached zone phosphate ore, as 
shown in test 2. A comparison of tests 1 and 3 re- 
veals that the fatty acid flotation of phosphate from 
silica is more effective than the amine flotation of 
silica from phosphates for beneficiating this particu- 
lar ore. This is due chiefly to the fact that, in amine 
flotation, the 20/48 mesh quartz particles are diffi- 
cult to float. 

It should be pointed out that the Florida leached 
zone phosphate ores are low in grade and can not 
yield a flotation concentrate equivalent to that ob- 
tainable from the matrix ore. This is because the 
maximum theoretical phosphorus pentoxide content 
of the aluminum phosphate minerals in the leached 
zone ores is only about 29 to 34 pct, as compared 
with 35 to 42 pct for the calcium phosphate minerals 
in the matrix ores. Consequently, tests were made to 
upgrade the flotation concentrates further by cal- 
cining it at 800°C for 2 hr. Results showed that the 
P.O; content of the flotation concentrate was in- 
creased 1 pct by calcining. This slight upgrading is 
attributed to the removal of the combined water 
present in the hydrated phosphate and clay minerals. 


Summary 

1) It is found that this Florida leached zone 
phosphate ore can be effectively upgraded by fatty 
acid flotation under certain restrictive conditions. 

2) In the phosphate flotation of this ore, the col- 
lecting power of saturated fatty acids, exemplified 
by stearic and lauric acids, is definitely inferior to 
that of the unsaturated fatty acids having 18 carbon 
atoms. Collecting power of the unsaturated fatty 
acids on phosphate minerals decreases in the order 
of linoleic, oleic, and linolenic acid. 

3) Addition of fuel oil or similar liquid hydro- 
carbons is necessary for successful phosphate flota- 
tion of this ore. The optimum ratio of fuel oil to 
oleic acid appears to decrease with increasing con- 
centration of oleic acid. 

4) Phosphate flotation is practically inhibited 
whenever the total concentration of Ca, Mg, Al, and 
Fe ions in the pulp liquid is 17 ppm or higher. 

5) The most suitable pulp temperature is about 
20°C; the proper impeller speed is approximately 
1600 rpm; and the optimum PH is 8.9. 
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6) The phosphate content of flotation concen- 
trates can be increased slightly by calcining at 
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Evaluation Mine Drainage Water 


Sy, 


RAINAGE water from coal mines is probably 

the most serious water pollution problem today, 
varying in importance according to location of the 
mines and geological structure. Drainage may be 
either acid or alkaline in character. Acid discharge, 
the most severely detrimental to a stream, is caused 
by natural oxidation of the sulfuritic material (FeS.) 
in the strata associated with the coal seam. Since 
the acid is the result of a natural reaction the acid 
water differs because it does not cease with abandon- 
ment of the mining operations. There is no known 
economical method of neutralizing acid mine water 
or any practical method to prevent oxidation of ex- 
posed pyrite. 

Since production of acid from a mine does not stop 
when mining stops, the total quantity produced de- 
pends entirely upon the excavated areas. The in- 
creasing volume of acid water in many mines has 
greatly increased operating costs. Pumping is ex- 
pensive and acid mine waters are destructive of all 
equipment, especially metals in pumps and piping, 
and necessitate the use of corrosion-resistant mate- 
rials. Discharge of the acid mine drainage into 
streams neutralizes their normal alkalinity, causes 
them to become acid, and produces an environment 
unfavorable for aquatic life and unsuited for indus- 
trial or domestic use without costly treatment. 

Mine drainages vary in percentage composition 
over wide limits, although the usual dissolved sub- 
stances are ferrous and ferric iron, aluminum, cal- 
cium and magnesium sulfates, and lesser amounts 
of sodium, potassium and manganese sulfates and 
chlorides. Some alkaline discharges may contain 
heavy concentrations of iron as iron bicarbonate. 
These waters may produce iron hydroxide deposits 
in the receiving stream but do not cause it to be- 
come acid. 

In the extensive literature on acid mine water 
there appears to be a great deal of confusion about 
the importance of various components and the 
methods for their determination. In many instances 
faulty conclusions have been drawn from use of un- 
suitable methods of analysis. It is desirable that the 
factors and terms used in evaluation of analyses of 
mine waters should be so clearly defined that any 
interested person could properly appraise any ana- 
lytical report. Some analysts report complete chemi- 
cal analyses of mine waters and neglect to record 
drainage volumes. Others report only a minimum of 
analytical data after taking no precautions to pre- 
serve the original composition of the water during 
the time elapsing between collection and analysis. 
Some use methods of analysis intended for so- 
called pure waters of the potable and boiler water 
classes. These methods are not applicable to highly 
buffered waters such as mine water. Probably the 
most common criteria for evaluation are pH, free 
acidity, or acidity or alkalinity to methyl orange or 
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methyl red, total acidity or acidity to hot phenol- 
phthalein, and the sulfate content. If these deter- 
minations are made on carelessly collected samples 
after a few days to weeks standing in warm rooms, 
they do not in any way represent the character of the 
water flowing from the mines. It is hoped that a 
brief discussion of the fundamental value of some 
of these factors may lead to a better understanding 
of the need for more careful evaluation of mine 
water discharges. 

The term pH is one used by chemists to express 
relative acidity or alkalinity in terms of concentra- 
tion of effective hydrogen ion in a solution. It is de- 
fined as the negative logarithm of the hydrogen ion 
concentration or activity in equivalents per liter. 


pH = logarithm 


A neutral solution, which is one containing the 
same number of hydrogen and hydroxyl ions, has a 
pH of 7. As the hydrogen ions increase and the solu- 
tion becomes more acid, the pH decreases toward 
zero; and as the hydroxyl ions increase and the 
solution becomes more alkaline, the pH approaches 
14. When dissolved in water to a dilute solution 
acids like sulfuric and hydrochloric, commonly 
known as strong acids, ionize completely, and the 
pH or hydrogen ion concentration varies with molar 
concentration of the dissolved acid. However, in 
high concentrations of such acids, the pH or hydro- 
gen ion concentration is less than the acid concen- 
tration because the acid does not completely ionize. 
In only very dilute solutions does the pH represent 
the total amount of acid that can be neutralized by an 
alkali. 

All ionization reactions are equilibrium reactions. 
If other chemicals are added to the solution of an 
acid and the added chemical produces an ion that is 
the same as one of the ions of the acid, the degree of 
ionization of the acid is altered and the pH changes 
to some value that represents the active hydrogen 
ion of the new solution. Thus if iron sulfate is added 
to a solution of sulfuric acid the pH increases, since 
the common sulfate ion suppresses the degree of 
ionization of the sulfuric acid and decreases the 
effective hydrogen ion. However, the total acidity of 
the solution is increased. 

There are two salts composed of iron and sulfate— 
ferrous and ferric sulfate. In these salts there is no 
hydrogen ion that can ionize to give an acid solu- 
tion, but when they are dissolved in water, the pH is 
less than 7 and the solution becomes acid. This is 
caused by a reaction known as hydrolysis and is 
represented by the equations 


FeSO, + 2H,O S Fe(OH), + 2H* + SO; 
or 
Fe,(SO,); + 6H,O S 2Fe(OH), + 6H* + 380; 


A solution with a total acidity of 5000 ppm accord- 
ing to the first equation will have a pH of 4.40 but 
one with an acidity of 75 ppm, according to the sec- 
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Ht 
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ond equation, will have a pH of about 3.40, indicat- 
ing it should be much more acid than the first solu- 
tion with a pH of 4.40. Also a solution containing 
2800 ppm of iron according to the first solution will 
be 5000 ppm acid and have a pH of 4.40, whereas 
one containing the same 2800 ppm of iron according 
to the second equation will have a pH of 2.20 and an 
acidity of 7500 ppm. Thus the pH does not represent 
neutralizable acidity in solutions containing iron in 
the form of sulfates, although such solutions are 
synthetic mine waters. Similarly if in a solution rep- 
resented by the first equation having an acidity of 
948 ppm the iron is oxidized to the ferric state, the 
pH will change from 4.79 to 2.82 without change in 
total acidity. This shows the fallacy of quantitative 
evaluation of mine waters by pH. 

pH is of value in estimating the quality of a 
stream. Aquatic life prefers an environment within 
a pH range of 5.5 to 8.0 and any good stream that 
receives acid mine discharge in an amount that de- 
creases the pH below the preferred range will not 
support aquatic life. However, the mere fact that 
such a stream receives mine water with a pH of 3.0 
does not mean the stream is ruined. The effect on 
the stream is determined by the relative volume and 
the total acidity of the mine discharge compared to 
the alkalinity and flow of the stream, and not by the 
original pH of either. 

The term free acidity is derived from the methods 
of analysis used for potable and boiler waters, in 
which a differentiation is made between mineral 
acidity and carbon dioxide acidity. It is determined 
by titration of a solution with an alkali using methyl 
orange or methyl red indicators. These indicators 
change color at a pH of about 4.4 or in a solution 
that is definitely acid. While such a titration gives a 
value termed free acid, the value does not neces- 
sarily arise from the presence of uncombined acid 
but is the result of the hydrolysis reaction shown 
above. Therefore the term free acid represents only 
the degree of hydrolysis of the iron salts at that par- 
ticular time. For example, a solution of ferrous sul- 
fate in water was diluted and the pH, free acid 
(methyl red), and total acidity by titration in hot 
solution to phenolphthalein end point were deter- 
mined. The results given in Table I were obtained. 

In a second portion of each of these solutions the 
iron was oxidized by the addition of a few drops of 
hydrogen peroxide and the determination repeated. 
These data are given in Table II. 

Oxidation of the iron, though it did not change 
the percentage composition, resulted in an apparent 
increase in the free acid and a decrease in pH, but 
without a change of the total acid. 


Table |. Analysis of a Solution of Ferrous Sulfate in Water 


Solution pH Free Acid Total Acid 
1 4.79 9.2 948 
2 4.90 2.4 499 
3 5.01 0.8 336 
4 Dall 0.3 254 


Table II. Analysis of Ferrous Sulfate Solution with Hydrogen 
Peroxide Added 


Solution pH Free Acid, Ppm Total Acid, Ppm 
1 2.82 511 961 
2 3.02 259 503 
3 3.10 177 349 
4 3.15 136 259 


TRANSACTIONS AIME 


These variable data for synthetic waters are en- 
tirely comparable to the results obtained on most 
mine waters. The major constituents of mine water 
are aluminum, ferrous and ferric iron, calcium, mag- 
nesium, and sulfate, with smaller amounts of man- 
ganese, sodium, potassium and chloride. The sulfate 
salts of the iron and aluminum are the chemicals 
causing the acidity of the water. The iron in some 
waters is entirely in the ferrous state of oxidation 
and gives results comparable to those in Table I if 
analyzed immediately after collection at the mine. 
The iron present oxidizes very rapidly with in- 
crease of temperature. Speed of oxidation is in- 
creased by the presence of a bacterium, Ferro-bacil- 
lus ferrooxidans, and after a day or two oxidation 
approaches conditions similar to those from which 
the data in Table II were obtained. Thus the true 
character of acid mine discharge should be deter- 
mined only on fresh samples. Since the total acidity 
does not change during these reactions it represents 
the characteristic of the water which is of greatest 
importance as a real criterion of quality. 

The chief pollutional agents of mine waters are 
the iron and acid content. Upon reaching a stream 
the iron is deposited as a yellow iron hydroxide or 
yellow boy on the banks and bottom of the stream. 
This deposit kills the lower forms of aquatic life 
existing in these areas. In many cases sufficient iron 
is present to cause a suspension of iron hydroxide to 
exist in the water, which results in high turbidity. 
The acid content neutralizes the natural alkalinity of 
the stream water, frequently decreasing the pH be- 
low the preferred range for aquatic life. The neu- 
tralization reaction is identical in nature with the 
neutralization reaction used in determining acidity, 
although it does not stop at an indicator end point 
but usually passes neutrality. Alkalinity of a stream 
is due to the presence of calcium bicarbonate dis- 
solved from earthy materials through which the 
water passes. The reaction of the calcium bicarbon- 
ate with the acid resulting from the hydrolysis of the 
iron and aluminum salts in the mine water can be 
represented by the following equations: 


FeSO, + 2H,O S Fe(OH), + H.SO, 


or 
Fe,(SO,)s + 6H,O > 2Fe(OH); + 3H.SO, 


and 
H.SO, + Ca(HCO;).—> CaSO, + 2H,O + 2CO, 


From these reactions it is evident that the alka- 
linity of a stream represented by Ca(HCO;),. will 
neutralize the acid in proportion to their relative 
concentrations and volumes. However, it is also nec- 
essary that the concentrations of both the available 
acid and the available alkali be determined 
by methods which produce results that can be 
used for stoichiometric calculations. Such a 
method is the determination of total acidity 
by titrations in hot solution with an alkali to a 
phenolphthalein end point and the determination of 
alkalinity by the addition of an excess of standard 
acid, boiling the solution to remove CO, and back 
titrating with a standard alkali to the same phen- 
olphthalein end point. It should be noted that the 
presence of high concentrations of aluminum may 
give high results. These results can then be equated 
one to the other to calculate the volume of a mine 
water a given volume of stream water will absorb 
without becoming acid. Such a calculation cannot be 
made if alkalinity is determined by one method 


JANUARY 1957, MINING ENGINEERING—77 


(methyl orange) and acidity by another (phen- 
olphthalein) or free acidity (methyl orange). 

These methods of determining the quality of mine 
drainage are of utmost importance in evaluating the 
effect of a discharge on a stream. It is of course es- 
sential that the volume of both the mine discharge 
and the receiving stream be known if evaluation is 
to be made by any method. This method is applicable 
to any mine discharge and any receiving stream 
irrespective of their content of common chemicals. 
Empirical methods using a basis other than total 
acidity or alkalinity can be employed for the dis- 
charge from a given mine which varies only slightly 
in composition or from several mines if their dis- 
charge is approximately the same. An example of 
such an empirical method is the addition of lime to 
a mine discharge that is to be used for breaker 
water. Experience will show that a given quantity of 
lime per 1000 gal of water is required for a given 
pH or a given free acid in the breaker water, but 
the quantity per 1000 gal of water from a mine de- 
livering 10,000 ppm acid will not be the same as for 
one delivering a water of 200 ppm. 

Another method of evaluation frequently used is 
the sulfate content of the water. Such a method is of 
value in some cases where the resultant hardness of 
the receiving stream is a factor. However, the sulfate 


content may be very high in a mine water that is 
alkaline as well as in one that is highly acid. This is 
readily apparent by analysis of a sample of acid 
water after the acidity has been determined by 
titration with sodium hydroxide. The sulfate content 
will not change by the neutralization. This is en- 
tirely comparable to the neutralization that occurs in 
a stream over a given period of time or distance of 
flow. 

It is believed, therefore, that the one factor most 
valuable in determining the quality of a mine water 
is total acidity or alkalinity as determined by titra- 
tion in hot solution to a phenolphthalein end point. 
pH indicates only qualitively the acidity or alkalin- 
ity of a highly buffered solution; it is variable de- 
pendent on the state of oxidation of the iron. Free 
acid determination is not only variable but has very 
little meaning in solutions containing only strong 
acids and their salts. It has no constant relationship 
to the total available acid or to the amount of alkali 
required for neutralization. It is believed by the 
author and his colleagues that use of a common 
method of evaluating the quality of mine water dis- 
charge will eliminate much misunderstanding con- 
cerning the effect and control of mine acid. 


Discussion of this paper sent (2 copies) to AIME before March 
31, 1957, will be published in Minine ENGINEERING. 


Fluorine in Western Coals 


by Harold R. Bradford 


E XPANSION initiated during and after the war 
has placed industrial plants in new areas and 
increased reduction and manufacturing facilities in 
communities already established. With added ex- 
pansion interest has grown in possible area con- 
tamination from waste products. Evolved flue waste 
contains many chemical contaminants that may or 
may not cause concern; however, atmospheric pol- 
lution has always been a problem to industrial 
communities. For some time effects attributed to 
small quantities of compounds of fluorine in various 
waste gases have been studied by industrial, medi- 
cal, agricultural, and associated interests.*” 

Aside from an article by Churchill, Rowley, and 
Martin in 1948,’ little has been published on the 
subject of fluorine in coal except by foreign in- 
vestigators. 

The first indication of fluorine compounds in coal 
was noted in England in 1934 by R. Lessing," who 
found that the presence of fluorine in Midland and 
West County coals was definitely established by 
etching of glass and by severe corrosion of porcelain 
fillings in a gas works scrubber. 


H. R. BRADFORD, Member AIME, is Analyst and Associate Pro- 
fessor of Metallurgy, Utah Engineering Experiment Station, Uniyer- 
sity of Utah, Salt Lake City. 
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Etching of glass in a direct contact annealing kiln 
initiated research, and in 1944 four papers were 
published by H. E. Crossley,°° giving results of in- 
vestigations of fluorine in coal of England by the 
Fuel Research Board, Department of Scientific and 
Industrial Research. These investigations studied 
methods of determining fluorine, the quantities 
present in various coal deposits, the geographical 
distribution of fluorine in British coals, occurrence 
of fluorine in minerals associated with coal, amounts 
of fluorine compared to other constituents of coal, 
the nature of fluorine compounds, and industrial 
significance of fluorine in coal. 

It was shown that British coals contain from 5 
to 200 ppm of fluorine, which is probably present 
as fluorapatite [Ca,F.(PO,).], often written as 
[3Ca,P,O;.CaF,]. The fluorapatite is intimately as- 
sociated with shale in some coals and can often be 
separated from these coals along with the shales. 

H. E. Crossley* also reported no correlation be- 
tween the amounts of chlorine, sulfur, or ash and 
the amount of fluorine in different coals. He found, 
however, a relationship between the content of 
fluorine and phosporus in many British coals. Thus 
it should be possible to anticipate likely fluorine- 
rich coals from existing data giving phosphorus con- 
tent. Behavior of the fluorine compounds of coal 
was compared with that of 12 fluoride-phosphate 
minerals in sink-float separations and solvent ex- 
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Table |. Fluorine Retained in Samples of Western Coals at Different 
Burning Temperatures 


Coal Sample 1 


w 
w 


Fluorine in dry coal fired 

by oxygen bomb, ppm, 

dry coal 53 99 45 132 40 57 
Fluorine in ash from coal 

ashed at 475°C with CaO 

added, ppm, dry coal 43 94 38 116 34 54 
Fluorine in ash from coal 

ashed at 475°C with no 

rae added, ppm, dry 

coa 31 
Fluorine in ash from coal 

ignited at 800°C to ash, 

ppm, dry coal ata 43 7 27 4 15 
Phosphorus, pet, dry coal 0.010 0.007 0.009 0.018 0.008 0.005 
Ratio of phosphorus to 

fluorine in dry coal 1.9 0.7 2.0 1.4 2.0 0.9 


tractions. Crossley’s investigations showed no evi- 
dence against the idea that phosphorus and fluorine 
in coal occur in combination. 

For many years the U. S. Bureau of Mines has en- 
gaged in fuel combustion research in related studies 
of explosive or dust-laden mine atmospheres’ and 
air pollution. Additional studies of rare and un- 
common elements in coal have made considerable 
data available.” However, the USBM has no data 
on fluorine content of American coals. 

Phosphorus is a common constituent of U. S. 
coals. Because coals low in phosphorus are required 
for making metallurgical coke, the fluorine content 
is probably kept lower in coal used for metallurgical 
coke processing. 

The USBM indicates that although phosphorus 
can sometimes be lowered by washing methods, a 
number of coals examined could not be reduced ap- 
preciably by washing because phosphorus was as- 
sociated with clean coal rather than impurities. It 
would be interesting to know how fluorine content 
varied with phosphorus content in these investiga- 
tions. 

The possibility of vegetation damage by coal com- 
bustion gases containing fluorine was presented by 
Churchill, Rowley, and Martin in 1948.° Their ar- 
ticle reports fluorine content of some U. S. coals 
as follows: 1) A western Pennsylvania coal, 85 
ppm; 2) an Illinois coal, 167 ppm; 3) four Utah 
coals, 145 to 295 ppm; 4) two unknown Western 
coals, 195 to 240 ppm. 

Investigators in India (1951) show that estima- 
tion of a coal seam from Jogta colliery, Jharia field, 
ranges from 0.0316 to 0.1208 pct fluorine with aver- 
ages of 0.0659 pct fluorine content and 0.3737 pct 
phosphorus content. Their study suggests that phos- 
phorus may occur in coal either as a part of the in- 
organic constituent or in the organic form as a part 
of the organic coal substance. The phosphorus is 
generally believed to be present as salts of phos- 
phoriec acid, chiefly of orthophosphoric acid (apa- 
tite). Fluorapatite is a form of apatite occurring in 
rocks and mineral matter of India coals and is 
mainly derived from the associated rocks during drift 
deposition." The fluorine reported in the India coal 
is much higher than any other coal reported to date. 


Fluorine Analysis of Western Coals 
In addition to its complex organic makeup, coal 
contains a number of inorganic compounds. Deter- 
mining fluorine in microquantities requires careful 
selection of the method for analysis. 
Fluorine Determination on Raw Coal Samples: 
The calorimeter oxygen bomb has proved satis- 
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factory as a means for decomposition of the organic 
matter of coal without loss. It is quick, but only 
1 g of coal may be used in each ignition. However, 
for samples very low in fluorine compounds, the 
washings from two or more ignitions may be com- 
bined. 

Products of bomb decomposition are carried 
through established distillation procedure in the 
presence of perchloric acid,”” with eventual titra- 
tion by standard thorium nitrate solution using 
chrome azurol S as indicator. The usual precautions 
are taken to see that interfering ions are removed 
during the procedure. Fluorine content of the com- 
pounds in coal is reported as parts per million on 
the dry coal basis. 

Fluorine Determination of Ashed Coal Samples: 
Coal ash is fused with sodium hydroxide in nickel 
crucibles.“ The cooled melt is dissolved in warm 
distilled water and carried through the established 
distillation procedure mentioned above. Fluorine 
content is reported as parts per million on the dry 
coal basis. 

Phosphorus Determination: Phosphorus content is 
determined by the method given by the American 
Society for Testing Materials” and is reported as 
percent phosphorus in dry coal. 


Discussion 

Table I gives values obtained for six different 
western coals used in Utah. Experiments were con- 
ducted at the Utah Engineering Experiment Sta- 
tion to determine the fluorine retained in each 
sample at different burning temperatures. 

It will be noted that part of the fluorine, but not 
all, is eliminated during combustion. Higher tem- 
peratures during combustion result in greater fluo- 
rine elimination. 

The sample having greatest fluorine content has 
highest phosphorus assay, but the one having lowest 
fluorine is not lowest in phosphorus. Tests on only 
the six western coals show that three are not con- 
stant in their phosphorus to fluorine ratio. Tests on 
British coals have indicated that phosphorus and 
fluorine content generally show correlation.* 
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Energy-Size Reduction 


Relationships in Comminution 


by R. J. Charles 


EARCH for a consistent theory to explain the 

relationship between energy input and size re- 
duction in a comminution process has accumulated, 
over the years, an enormous amount of plant and 
laboratory data. Although some correlation of these 
data has been possible for purposes of engineering 
design and for the advancement of research in frac- 
ture, there is still great need of a means of predict- 
ing behaviour of a solid when it is reduced in size 
by mechanical forces. 

The best known hypotheses proposed to describe 
the energy-size reduction relationships in crushing 
and grinding stem from a common origin. The pres- 
ent article analyzes problems of comminution in the 
light of the precepts of this origin. Its object is to 
reconcile points of difference between these well 
known hypotheses and to present relationships more 
widely applicable to comminution studies. 

Theoretical Considerations: Most existing relation- 
ships between energy and size reduction of a brittle 
solid stem from a single, simple, empirical proposi- 
tion.’ Although this proposition can be demonstrated 
by observation and experiment, no theoretical deri- 
vation is yet possible. Mathematically, the proposi- 
tion may be stated as follows: 


dE = —C dz/zx" [1] 


where dE = infinitesimal energy change, C = a con- 
stant, dx = infinitesimal size change, x = object size, 
and n = aconstant. Eq. 1 states that the energy re- 
quired to make a small change in the size of an 
object is proportional to the size change and in- 
versely proportional to the object size to some power 
n. No stipulations are placed on the exponent n in 
either magnitude or sign. 

In 1867 Rittinger’ postulated that the energy re- 
quired for size reduction of a solid would be pro- 
portional to the new surface area created during the 
size reduction. As far as can be determined there is 
as yet no physical basis for Rittinger’s hypothesis. 
Rittinger’s hypothesis can be stated mathematically 
as follows: 


E, = K(o2— 0) [2] 
E, = energy input per unit volume, K = a constant, 
o, = initial specific surface, and o, = final specific 
surface. 
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In the size reduction of particles of size x, to par- 
ticles of another smaller size, x., Eq. 2 becomes the 
well known relation: 


E, = K’ (1/2, — [3] 


where K’ is a constant. 

Eq. 3 may be arrived at from the proposition 
given in Eq. 1 by integrating and by assigning a 
value of 2 to the exponent n. 


Lo 
f —C dx/x* 


In 1885 Kick® proposed the theory that equivalent 
amounts of energy should result in equivalent geo- 
metrical changes in the sizes of the pieces of a solid. 
For example, if one unit of energy reduced a num- 
ber of equal-sized particles to particles of one half 
the size, then the same amount of energy applied to 
the particles resulting from the first test should re- 
sult again in a size reduction of one half or a final 
size one quarter the original size. The Kick concept 
may be expressed as follows: 


[4] 


K” =a constant and E, = energy per unit volume. 

The expression for Kick’s law may be arrived at 
by again integrating Eq. 1 and in this case assigning 
a value of 1 to the exponent n. 


— Calne 
=.K log (i/x.) 23 


Application of Kick’s and Rittinger’s laws to com- 
minution has met with varied success. Gross and 
Zimmerley* and Piret’ have shown that Rittinger’s 
equation applies under certain conditions of experi- 
mentation. Walker and Shaw’ express the belief that 
in metal turning and shaping and in grinding of 
both metals and minerals the production of very 
fine particles (less than lu) follows Kick’s hypo- 
thesis, whereas Rittinger’s concept is valid for the 
size reduction of coarse particles. For the practical 
case of crushing and grinding, however, neither of 
the above hypotheses has received general accept- 
ance. 

Bond’ has lately proposed that since neither Kick’s 
nor Rittinger’s hypotheses seem correct for plant 
design work, an energy-size reduction relationship 
somewhere between the two would be more appli- 
cable. The fundamental statement of Bond’s work 
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index equation is derived from Eq. 1 by considering 
the exponent n to have a value equal to the arith- 
metic average of 1 and 2, i.e., 1.5. Thus, 


By 
dE=—C f 


E, = K” (1/\V/x. — 1/\Vx1) 

where K’” = 2C. 
Bond considers the total work, W,, required to break 
material from theoretically infinite size to a size 
modulus,* P, which is the 80 pct passing size on a 


*In this work the size modulus of an assembly of particles refers 
to a size such that, theoretically or actually, a specified weight frac- 
tion of the particles in the assembly will be smaller than this size. 


screen analysis plot. Therefore: 
E, = W, = K"” (1/\V/P— 1/0) 
W,= K” (1/vP). [5] 


Experimental verification of the above relation- 
ships between energy and size reduction has been 
difficult. In the first place it is experimentally im- 
possible to break particles of one uniform size to 
particles of a smaller and still uniform size as de- 
manded by the equations. It is also impossible to 
describe accurately the weight relationships of sizes 
in a given product by a single number since, for a 
given size modulus, there are theoretically an in- 
finite number of size distributions to which that 
modulus may pertain. Further, the energies required 
to produce each of these size distributions from a 
given size will be different. At least two independent 
numbers are required to characterize a specific size 
distribution. In the simplest case one number may 
establish the limits of particle sizes involved and 
another may determine the weight relationships in 
the various size ranges. An illustration of the use 
of two numbers to characterize size distribution is 
given by Schuhmann’ as follows: 


y = 100(x/k)* [6] 


where y = weight percent finer than size x, x= 
size, k = size modulus (a constant) for a given size 
distribution, and a = a constant. 

In the above equation, which describes the size 
relationships of many naturally broken homo- 
geneous materials, k is the size modulus and de- 
notes the theoretical maximum-sized particles in 
the assembly, and a is a constant determining the 
weight relationship of the particles of various sizes. 
A log-log plot of Eq. 6 yields a straight line of slope 
a, Which intersects the 100 pct ordinate line at a 
SIZE XLmarimum EQual to k. Size distribution plots, to 
which the above equation is applied, generally show 
deviation from linearity at coarse sizes, but usually 
this deviation does not detract from the usefulness 
of the equation. Although the Schuhmann Equa- 
tion is empirical, the correctness with which it often 
describes naturally produced size distributions 
leads to the belief that a derivation of the equation, 
based on fundamental knowledge and principles of 
fracture, should be possible. 

A second difficulty in verifying the energy-size 
reduction relationships given previously is met in 
the attempt to define the energy actually causing 
fracture and size reduction as well as the other 
forms of energy present during the process. Since 
fracture in brittle materials is dependent on strain 
energy of elastic deformation, it seems logical that 
this is the energy to be related to size reduction. 
Strain energy absorbed by an object when subjected 
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to slow compression is relatively easy to measure. 
Strain energy absorbed by an object when sub- 
jected to impact is, however, very difficult to meas- 
ure since energy forms due to translatory motion, 
vibratory motion, plastic deformation of restraining 
and impacting masses, and sound must be taken 
into account. In most crushing and grinding proc- 
esses analysis of these processes is complicated, 
since impact plays a major part. There is reason to 
believe that the transfer of energy to strain energy 
of an object by elastic impact and the loss of energy 
by inelastic impact is dependent mainly on the 
geometry and masses of the impacting objects and 
not on the initial impact energy. For inelastic im- 
pact this should be certainly the case, as may be 
shown by consideration of the Law of Conservation 
of Momentum, i.e.: 


E, = = +e [8] 


where m, = impacting mass, m. = sum of impacting 
and impacted masses, E; = initial impact energy, 
and e = loss of energy due to impact. 

By rearrangement 


e/E, = (1 — m/m,.) [9] 
and for constant ratio of m./m, 


e/E, = a constant. [10] 
For elastic impact such a simple analysis as is given 
above cannot be made, for the momentum of com- 
plicated forms of traveling elastic waves must be 
considered. It has been shown,”” however, that in 
impact of a simple elastic system the maximum 
fraction of kinetic energy absorbed as strain energy 
is dependent mainly on the geometry of the system 
and only slightly on the total initial impact energy. 
Thus, in a specific crushing or grinding system, the 
useful energy in size reduction should be a constant 
fraction of the input energy. For a grinding mill if 
the number of revolutions of the mill are doubled, 
then the energy useful in comminution is doubled. 
Similarly in fracture by high velocity impact if the 
energy of the projectile is doubled, then the energy 
useful to fracture is doubled, and in dropping 
weight devices if the height of drop is doubled, the 
energy useful to breakage of the specimen is 
doubled. It is to be expected, from the above rule, 
that there will be simple, understandable results 
from a specific comminuting apparatus, but the rule 
also shows that there will be difficulty in correlat- 
ing results obtained from one machine with those 
obtained from another machine with different im- 
pacting mechanisms. With respect to the last state- 
ment, the conclusion must be drawn that the grind- 
ability (amount of material reduced to a certain size 
per unit of input energy) is dependent not only on 
physical characteristics of the material but also on 
the manner in which size reduction is achieved. 

A third difficulty in establishing energy-size re- 
duction relationships arises from the fact that each 
of the relationships given implies that the exponent 
n in Eq. 1 is a universal constant which is inde- 
pendent of the mechanisms of size reduction and 
independent of the amount of size reduction ac- 
complished. Kick assumes n to be equal to 1, Rit- 
tinger assumes it to be equal to 2, and Bond assumes 
it to be the average equal to 1.5. Data can be 
cited*”""* supporting all three hypotheses. To re- 
concile this inconsistency, it must be concluded that 
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n is not a constant but is a variable that depends on 
the material and the manner in which it is broken. 

It has been shown” that identical specimens of 
homogeneous materials can be broken down by 
various conditions of impact so that the mode of 
fracture, the characteristic particle shapes, the size 
reduction per unit of input energy, and the size dis- 
tributions obtained are entirely different. With 
these effects in mind it is to be expected that if 
Eq. 1 is applied to these crushing experiments, then 
both the constants C and n which would be applic- 
able in one case may not have the same values 
when applied to other cases. It would also be ex- 
pected that would vary continuously with the 
conditions of size reduction and not necessarily be 
required to have specific values such as 1, 2, or 1.5. 

In most investigations, if results of a crushing or 
grinding test did not agree with one of the three 
hypotheses given above, no method was available 
whereby the actual experimental value of n could 
be calculated. The present work illustrates a general 
method whereby the exponent n and the coefficient 
C in Eq. 1 may be calculated for any crushing or 
grinding test. The method has been applied suc- 
cessfully to the results from specific experiments, 
and a procedure is presented whereby the energy- 
size reduction relationships for most materials and 
means of comminution may be estimated from a 
single size distribution plot. 

Derivation of the General Energy-Size Reduction 
Relationship: Size distribution of any ground or 
crushed product may be described by the following 
general equation: 


y = f(x) [11] 


where y = weight percent finer than size x, x = size, 
and f = known function. Fig. 1 is a plot of a size dis- 
tribution which is described by Eq. 11. When Eqs. 
1 and 11 are combined, the energy required to re- 
duce an element of weight of material, dy, from 
size X» to size x would be: 


— C dx,/x" (dy). [12] 


om 


The total energy required to reduce a weight of 
material of size x, to the size distribution given by 
y = f(x) is then the summation for all elements of 
weight of material, dy, from zero to 100 pct. Thus 


E 100 
E f dE, dy 


dy = f(x) dx [13] 


or since 


where f denotes the first derivative of the function 
f(a), then, 


m 


If the function y = f(x) is known either graphically 
or analytically, then Eq. 14 can be integrated and 
the energy, E, given in terms of a number of known 
boundary conditions and two unknown constants 
nm and C. If results can be obtained for two crush- 
ing and grinding experiments in which the energy 
inputs and resulting size distributions are measured, 
then Eq. 14 can be solved for both C and n. One 
stipulation is made, however, regarding the two size 
distributions: the shapes of the size distribution 
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curves remain constant and suffer only a lateral 
translation on a size distribution graph with change 
in energy input. No severe limitation is placed on 
experimental work by this stipulation, for the re- 
sults from comminution tests show that for a given 
material and for a given means of size reduction the 
resulting size distribution curve generally changes 
little in shape and is only translated bodily by 
changes in energy input.” ” 

Derivation of the Energy-Size Reduction Relation- 
ships for a Specific Type of Size Distribution: It has 
been observed that the Schuhmann Equation, de- 
scribed previously, holds for the important sections 
of a large number of experimental size distribu- 
tions. This equation has been combined with Eq. 1 
by the above procedure and yields the following: 


(—C dx_/x*) (dy) 


and in this case 
NOW 


100a =| d 
ke 
Therefore, 


100 
f (—C dx /x*) ax ) 


and 


Ca | k* 
(n-1)k* La-—n+1 ax 


a—n+1 a 
Xo Lo 


a—-n+1 aa” 


For naturally broken materials following the Schuh- 
mann distribution x, > 0. Thus: 


Ca Kae 1 
E= [ 15 


n—1 a—n+1 


If x, is large compared to k, which is generally the 
case, then, 
Ca 
[16] 
(n—1) (a—n+1) 

Eq. 16, when plotted on log-log paper for a specific 
case where a, n, and C are constant, yields a straight 
line of slope equal to (1 — n). Thus if a number of 
crushing or grinding experiments are made and the 
size distributions follow the Schuhmann Equation, 
a log-log plot of E vs k should allow the determina- 
tion of n, the important exponent in the basic 
energy-size reduction equation. The validity of the 
theory will depend on whether or not such straight 
lines are obtained from experimental results. 

It is of considerable interest to note that, although 
Eq. 1 places no limitations in magnitude or sign on 
the values of n, Eq. 16 can be real only if n is greater 
than 1 and less than (a + 1), ie.: 


n= 1), [17] 


For observed size distributions, a can be as high as 
about 1.5 and is usually about 0.8. Therefore, the 
values n may take, according to Eq. 16, are limited 
to the range of 1 to about 2.5. It is interesting that 
this range covers, and just barely covers, the values 
for n that have been chosen empirically by previous 
investigators. 
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Fig. 1—Size distribution graph. 


In the above derivation it has been assumed, for 
convenience, that the material broken was of uni- 
form size, x,. The derivation is equally simple if 
the original material is considered to have a dis- 
tribution of sizes. The exact form of the energy-size 
reduction equation obtained in this case is somewhat 
different from Eq. 15 but calculations have shown 
that for the normal size reduction met in comminu- 
tion systems the exact form reduces, by approxi- 
mation, to Eq. 16. 


Experimental Results 

Measurement of Values for the Exponent n: A. 
Dropping Weight and Projectile Impact Tests: In a 
previous work” impact tests at high and low velocity 
were made on similar specimens of pyrex glass. The 
high velocity tests were carried out by firing a mild 
steel projectile weighing about 12 g from an air gun 
at cylindrical glass specimens 2x11% in. Low velocity 
impact tests were made on similar specimens by 
means of a mild steel dropping hammer weighing 
about 3.7 kg. Fig. 2 shows the size distributions of 
the resulting products from these tests as a function 
of the impacting energy. The size distributions re- 
sulting from these tests can all be well described by 
the Schuhmann Equation. It is seen, however, that 
although the size distribution lines for one type of 
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Fig. 3—Energy-size reduction graph for impact of glass cyl- 
inders. 
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Fig. 2—Size distributions of fractured glass cylinders as a 
function of impact energy, kilogram-centimeters. 


impact are of constant slope the other type of im- 
pact results in size distributions of a different slope. 
It is also seen that although fracture took place at 
high impact velocity at an energy of 50 kg-cm, no 
consistent fracture of the specimens took place at 
low impact velocity until the impact energy was 
raised to the value of 170 kg-cm. These effects are 
supporting evidence for the statement made in the 
introduction concerning the dependency of grind- 
ability on not only the material being broken but 
also on the means of breakage. In accordance with 
Eq. 16 a log-log plot has been made in Fig. 3 of the 
k values of the distributions in Fig. 2 vs the impact 
energies. 

The straight lines resulting in Fig. 3 are what 
would be expected from the energy-size reduction 
relationship as given by Eq. 16 in the introduction 
and thus may be considered as evidence that sup- 
ports the validity of this relationship. It is also seen, 
as expected, that the values of the exponent n are 
different for the different size reduction conditions. 
For high velocity impact n has a value of 2.38, while 
for low velocity impact n is 2.07. According to Eq. 
17 the values of n should be less than the slopes of 
the respective size distribution lines plus one. Such 
is the case for both types of experiments, although 
the differences between the respective n and (a + 
1) values are small and probably of the order of 
accuracy by which any of the values can be deter- 
mined. It seems likely, however, that no violation 
of Eq. 17 has been shown by these results. 

B. Pendulum Impact Tests (Frictionless Crusher): 
Hukki“ has presented experimental work on the 
size reduction of a number of minerals by means of 
an apparatus called the Frictionless Crusher. Re- 
sults from this work are well suited to analysis 
along the lines outlined in the introduction of this 
investigation, since the size reduction of these min- 
erals has been given in relation to energy input 
from constant mechanical conditions. Some of the 
results from Hukki’s work on the minerals quartz, 
fluorite, coal, salt, and galena are reproduced in 
Figs. 4 and 5 and show the size distributions re- 
sulting from impact of lumps of these minerals at 
various levels of impact energy by the frictionless 
crusher. These size distributions are well described, 
in general, by the Schuhmann Equation. Figs. 6 and 
7 are log-log plots of energy input to the crusher 
vs the size moduli of the crushed materials. As is 
shown, the points in these graphs fit well onto 
straight lines, and thus values of n, the exponent in 
the energy-size reduction equation, may be calcu- 
lated for the results of the crushing experiments. 
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Fig. 4—Size distribution graphs for quartz, fluorite, and coal as a function of impact energy in kilogram-centimeters per 


cubic centimeters. After Hukki. 


These n values, which range from 1.75 to 2.0, are 
included on the figures. 

C. Rod Mill Grind Tests: Fig. 8 shows the size 
distributions resulting from grind tests of quartz 
(—% in. +6 mesh) and of cement rock (—% in. 
+6 mesh) for various numbers of revolutions in a 
laboratory rod mill. The rod mill, of stainless steel, 
was 10 in. diam and 12 in. long and turned at 54 
rpm. Lifter bars were attached inside the mill to 
prevent slipping of the grinding charge. All tests 
were made wet at 60 pct solids. 

Size distributions from these tests, when plotted 
logarithmically, may be described by straight lines, 
the slopes of which are shown in Fig. 8. Fig. 9 
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Fig. 6—Energy-size reduction graph for quartz fluorite and 
coal. 
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shows log-log plots of energy input (proportional to 
the number of revolutions) and the size moduli of 
the different grinds. The points fall on straight lines 
and allow calculations of n values for the basic 
energy-size reduction equation (Eq. 16). The n 
values are 1.90 for quartz and 1.32 for cement rock. 

D. Ball Mill Tests: Fig. 10 shows the results of 
ball mill grinding of quartz (—% in. + 6 mesh) 
with similar equipment and under the same condi- 
tions as given for the rod mill tests. A log-log plot 
of energy input (proportional to the time of grind) 
vs size moduli is included in Fig. 10. The log E — 
log k curve is a straight line and the calculated 
value of n is 1.86. 
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Fig. 7—Energy-size reduction graph for salt and galena. 
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Fig. 5—Size distributions of salt and galena as a function of impact energy in kilogram-centimeters per cubic centimeter. 


Further ball mill tests were made for prolonged 
periods of time so that very fine grinds were ob- 
tained. Owing to the lack of a precise fine sizing 
method, the size distributions of these grinds were 
not determined. It was possible, however, by means 
of the B.E.T. krypton gas adsorption method, to 
determine the specific surfaces of the resulting 
products and thus determine the new _ surface 
created during the grinds. Fig. 11 is a plot of grind- 
ing time vs new surface produced for the grinding 
of quartz (—% in. + 6 mesh). Included in Fig. 11 
are surface area measurements of the 15-min and 
7.5-min grinds for which the size distributions have 
been shown in Fig. 10. Fig. 11 shows a straight line 
logarithmic relationship between the time of grind 
and the new surface produced. It can be shown that 
for a family of size distributions that follow the 
Schuhmann Equation (with the constant a fixed) 
the specific surface of a size distribution is inversely 
proportional to the size modulus, k, of that size dis- 
tribution. Thus if the size distributions of the quartz 
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Fig. 8—Size distributions of rod-mill ground quartz and 
cement rock as a function of number of revolutions of mill. 
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grinds remain of the same shape and are reduced 
bodily by increase in grinding time, it would be ex- 
pected that a log-log plot of grinding time and the 
reciprocal of the specific surface should result in a 
straight line of the same slope as the line given in 
Fig. 10 for the coarse grinding tests on the same 
material. This plot has been included in Fig. 11 and 
indeed shows a straight line of essentially the same 
slope (—0.88 as compared to —0.86) as that given 
in Fig. 10 and thus the n value calculated by means 
of surface area measurements for the fine grinding 
of quartz yields the same n value as that calculated 
from the size distributions of relatively coarsely 
ground quartz. As mentioned previously, there is 
good evidence to show that in a batch grinding mill 
the feed material is quickly reduced to a certain 
equilibrium type of size distribution and further 
grinding shifts the size distribution bodily to finer 
sizes without change in shape.” Present results on 
the grinding of quartz indicate that each unit of 
energy input shifts the size distribution a specific 
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Fig. 9—Energy-size reduction graph for rod mill grinds of 
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Fig. 10—Size distribution and energy-size reduction graphs 
for ball mill grind tests of quartz. 


amount in the finer direction. Thus it must be con- 
cluded that even for the large range of grinding 
times (approximately 130 fold) for the ball mill 
tests on quartz the energy-size reduction relation- 
ship remains constant and the size reduction mech- 
anisms themselves also remain constant. 

The average n value calculated for the quartz ball 
mill tests is 1.87. This value more closely ap- 
proaches Rittinger’s value (2.0) than either Bond’s 

To illustrate that for certain materials and under 
ball mill grinding conditions the n value may be 
considerably greater than 2.0, the following results 
calculated from measurements made by Bloecher” 
are given. To determine the limits of usefulness of 
the krypton gas adsorption method (a modification 
of the B.E.T. method) for surface area determina- 
tions, Bloecher made specific surface measurements 
of monazite sands that had been ground in a ball 
rill for extended periods of time. Results of his 
work are illustrated in Fig. 11 by the plot of specific 
surface area vs grind time. Following the same 


32 


procedure used in the case of the quartz grind tests 
the reciprocals of the specific area determinations 
have been plotted, in the same figure, vs the grind 
time. On the log-log plot a straight line of slope 
—1.2 is obtained. This slope is equal to (1—7n) and 
therefore n equals 2.2 for the monazite tests. Un- 
fortunately, no data were available for the size dis- 
tributions of the ground monazite. 

Interrelations of a and n: In the general energy- 
size reduction equation (Eq. 16) there is no reason 
to expect the exponents a and n (a, the slope of the 
log-log plot of the Schuhmann Equation and n, one 
minus the slope of the log-log plot of energy input 
vs size reduction) to be dependent on one another 
except for the condition that n must have a value 
somewhere between 1 and (a+1). Yet in prac- 
tically all the experimental cases cited as support- 
ing evidence for the validity of Eq. 16 the value of 
the term (a—n-+1) is just slightly greater than 
zero regardless of what range of values a and n 
take. Table I summarizes the results from all the 
experimental tests and gives the estimated value of 
the term (a—n-+1) for each test. 

Table I shows that except for the impact crushing 
of galena, salt, and perhaps coal, the values of the 
term (a—n +1) are small and are probably of the 
possible order of accuracy in the determination of a 
and n. Examination of Eq. 16 and the subsequent 
graphs shows that for given grinding or crushing 
conditions a relatively small change in the size 
modulus, k, will be obtained, per unit of input en- 
ergy, if n is large and vice versa if n is small. For 
the hard, brittle materials the experimental values 
of n approach the maximum allowed by Eq. 17, ie., 
(« + 1), and thus the least possible change in size 
moduli of these materials occurs per unit of input 
energy. For the structurally weak materials, and 
especially those exhibiting excellent two directional 
cleavage, i.e., rock salt and galena, the experimental 
values of n are considerably less than the maximum 
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Fig. 11—New surface produced and reciprocal of new surface produced vs grind time for ball mill tests on quartz and monazite 
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Table |. Summary of Results 


Testing Means 


Data Calculated 


Material a n (a—n+1) From 
Impact Pyrex 
(high velocity) glass 1.40 2.38 Approximate 0.02 Size distributions 
Impact Pyrex 
I (low velocity) glass 1.09 2.07 Approximate 0.02 Size distributions 
mpact (friction- Size distributions 
less crusher) Quartz 0.93 1.88 Approximate 0.05 
Fluorite 1.01 1.99 Approximate 0.02 Size distributions 
Coal 1.00 1.91 Approximate 0.09 Size distributions 
Salt (NaCl) al Uf 1.76 Approximate 0.41 Size distributions 
eK Gat : Galena 1.00 1.82 Approximate 0.18 Size distributions 
od mill grinds Quartz 0.91 1.90 Approximate 0.01 Size distributions 
Ball mill eri Cement rock 0.35 1°32 Approximate 0.03 Size distributions 
all mill grinds Quartz 0.91 1.86 Approximate 0.05 Size distributions 
Quartz — 1.88 — Surface area 
measurements 
Monazite — 2.20 — Surface area 
measurements 
allowed. Thus greater changes in size moduli of Ca 
these materials occur per unit of input energy than SS oe and may be termed 


would be the case if the n and corresponding (a+ 1) 
values were nearly equal to one another. 


Although there appears to be some very funda- 
mental reason why the term (a —n + 1) approaches 
zero for hard, brittle materials and shows a rela- 
tively large positive value for materials of excellent 
cleavage, no acceptable explanation can be given at 
this time. Use may be made, however, of the fact 
that (a —n +1) for hard, brittle materials tends to 
approach zero in a comminution system. If the size 
distribution or new surface area resulting from a 
single crushing or grinding test of known energy 
input is known, it is possible, by assigning the value 
of the exponent n in Eq. 16 equal to the slope of the 
log-log size distribution plot plus one, to predict the 
energy required to produce any size reduction or 
production of surface area obtained by similar com- 
minution means. This procedure should be of value 
in laboratory crushing and grinding tests where the 
results are to be applied to the prediction of full- 
scale plant operation. For example, a rod mill test 
was made in the laboratories on a feldspar rock for 
100 revolutions at 60 pct solids. The plotted size 
distribution of the product (14 pct — 200 mesh) 
showed a slope value (a) of 0.68, and thus n was 
estimated at 1.68, ie, (a +1). By Eq. 16 it was 
calculated that a test for 200 revolutions should 
give a product of 30 pct — 200 mesh and a test for 
300 revolutions should give a product of 46 pct — 
200 mesh. When the tests were performed, the re- 
spective product analyses were 31 pct and 47 pct — 
200 mesh. Differences between these experimental 
and calculated values are well within the limits of 
experimental error of sizing. 

Calculation of Proportionality Constant C: As 
mentioned in the previous section, the term 
(a—n-+1) in Eq. 16 tends to approach zero for 
most of the experimental tests. Its real value for a 
specific set of conditions cannot be determined with 
accuracy, and thus calculations of the constant C 
cannot be made with accuracy. Although C cannot 
be measured, the term 


( 


is constant for any specific set of crushing or grind- 
ing conditions and thus Eq. 16 may be expressed 
as follows: 


E=Ak*™ [18] 
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(n—1)(e—n+1) 


a machine constant. A value of A can easily be cal- 
culated for any crushing or grinding test when the 
exponent n has been determined by methods out- 
lined previously. 


Summary and Conclusions 

The general differential equation relating energy 
and size reduction of brittle and semibrittle mate- 
rials has been discussed, and it has been shown that 
the Kick, Rittinger, and Bond hypotheses of com- 
minution may be derived as special cases of this 
general equation. The author contends that none of 
the above special cases holds true for all comminu- 
tion systems but that for every comminution proc- 
ess there is a form of the general equation which 
will relate the energy input to the system as a func- 
tion of the size reduction obtained. 

A method based on a mathematical derivation 
from the above differential equation has been out- 
lined by which the exact form of the equation re- 
lating energy input vs size reduction may be cal- 
culated from simple experimental tests. For mate- 
rials following the Schuhmann Equation for size 
distributions the form of the general energy-size 
reduction equation has been derived as follows: 


E=Ak™ 


where E = energy input, A =a constant, k = size 
modulus (measure of size reduction), and n=a 
constant. Procedures are outlined for determining 
the constants A and n for a specific comminution 
system. 

A number of experimental results from the 
crushing and grinding of minerals and ores have 
been cited to illustrate the validity of the above 
equation. Results from these tests show that n 
values in this general energy-size reduction rela- 
tionship were obtained within the range of 1.32 to 
2.4. Bond’s work index hypothesis denotes an n 
value of 1.5 and Rittinger’s hypothesis denotes an 
n value of 2.0, and since these values fall within the 
above range, it may be concluded that these hy- 
potheses are applicable to specific cases of crushing 
and grinding. Owing to the fairly wide range of 
values n may take, however, it is apparent that for 
a given design problem the exponent n, in the gen- 
eral energy-size reduction relation, should be deter- 
mined directly from experimental tests rather than 
approximated by either Bond’s or Rittinger’s hy- 
pothesis. 
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No experimental evidence has been obtained to 
show that Kick’s hypothesis is applicable to size 
reduction. If n approaches one, as demanded by 
Kick’s hypothesis, then for the general energy-size 
reduction equation outlined in this work the slope, a, 
of the resulting size distribution must approach 
zero, since n must be less than (a + 1). The general 
energy equation, at the limiting conditions, would 
then state that an infinite amount of energy would 
be required to reduce material to infinitely small 
size. Such a conclusion is not of much value. On the 
other hand, if n is slightly greater than one (and a 
correspondingly slightly greater than zero), the en- 
ergy equation would state that Kick’s hypothesis 
would be approximately valid for production of ex- 
tremely fine material. In some respects this conclu- 
sion is in agreement with the conclusion that 
Walker and Shaw’® obtained from experiments on 
surface grinding. 

Results from this investigation show that for 
hard, brittle materials that do not show exceptional 
cleavage the exponent n in the energy equation is 
so closely related to the slope a of the Schuhmann 
size distribution plot that 


Ole 


No theoretical explanation of this relationship can 
be given at present, yet the relationship may be 
used to advantage in analyzing problems of com- 
minution. For any crushing or grinding apparatus a 
single size distribution determination and power 
measurement may furnish data by which the ex- 
ponent n and the coefficient A of the energy-size 
reduction equation may be estimated and the equa- 
tion defined. 
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Discussion 


Ultrasonic Desliming and Upgrading of Ores 


(MininG ENGINEERING, page 639, June 1956; AIME Trans., vol. 205) 


by| J. H. Brown 
D. W. Fuerstenau 


The paper by Professors Sun and Mitchell illustrates 
the value of ultrasonics as a tool for the mineral engi- 
neer. In particular, it opens up a number of possibilities 
to those interested in the field of comminution. The 
provision of desliming technique, which is thorough as 
well as rapid, is a distinct contribution, but the data of 
the paper suggest applications beyond desliming, in 
that the same treatments may be useful for size deter- 
mination purposes. 


Fig. 1 shows that a marked dependence exists be- 
tween particle size and the height to which it can be 
elevated by ultrasonic vibrations. While the curves are 
only extended down to a size of about 100 u, the fact 
that they appear to be increasing in slope in this range 
suggests that the separation may be even more marked 
here. This, we feel, is very strong evidence that a 
method for fine sizing could be developed to use ultra- 
sonic waves as the separating force. 


Professors Sun and Mitchell indicate that floccula- 
tion will present no difficulty: “During the investiga- 
tion it was found that ultrasonic waves were able to 
dislodge the adhering gangue particles from the min- 
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eral surfaces and to disintegrate the soft particles into 
fine sizes.” 

Thus, it appears that the use of ultrasonic waves as 
the power behind a size separation process may elimi- 
nate the problem of flocculation encountered in most 
wet sizing techniques. It would be interesting to size 
a fine material under conditions in which particles 
are known to be flocculated and under conditions 
where they are known to be dispersed. 

Use of a sizing technique of this nature may solve 
several problems that have long persisted in the fine 
sizing field. The flocculation problem may be over- 
come; the continuous production of closely sized frac- 
tions may be possible with a device similar to the one 
described; and with photoelectric methods, rapid an- 
alyses in the subsieve sizes may be possible. 

In general, we suggest that this paper be followed by 
a study of the sizing applications of the apparatus de- 
scribed. We feel that such a study would not only be 
rewarding in providing a new sizing technique, but 
also that the present paper almost requires such work 
to complete the picture of particle motion in a field of 
ultrasonic waves. 
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Filtration and Control of Moisture Content 


On Taconite Concentrates 


by A. F. Henderson, C. F. Cornell, A. F. Dunyon, and 
D. A. Dahlstrom 


ie processing magnetic taconites several steps of 
crushing, grinding, classification, and magnetic 
separation are required to produce a 60° pct Fe con- 
centrate. Usually the final concentrate is in a slurry 
form of 55 to 70 pct solids by weight and is further 
characterized by a particle size of 60° pct —325 mesh. 
In taconite plants already completed or under con- 
struction the conventional method used to obtain 
pellets suitable for blast furnaces is to filter the con- 
centrate slurry, ball the filter cake, and then harden 
the green pellets in a traveling grate or in a vertical 
shaft furnace. 

Large tonnages must be handled in minimum floor 
space, with reduced maintenance and lowest possible 
operating cost. Filtration must therefore achieve 
two objectives: 1) high filtration rate—in terms of 
pounds of dry solids per hour per square foot of 
filtration area—at a low filtrate solids concentration, 
and 2) a filter cake moisture that will always permit 
efficient balling within the normal fluctuations of 
plant operating conditions. If moisture contents are 
too high, balling may be impossible or result in a 
mushy ball without enough green strength for the 
firing operation. 

Development work has met these objectives. At 
low investment and operating costs, filtration rates 
of 250 to 600 dry lb per hr per ft* have been attained 
for concentrates of 60* pet —325 mesh. By combin- 
ing the disk-type continuous filter with proper agi- 
tation, the Agidisc filter produces a homogeneous 
filter cake, easily discharged from the disk sectors. 
This application provides the lowest initial cost per 
square foot of filtration area, minimizes floor space, 
reduces down time for changing filter media to a 
negligible factor, and simplifies process control and 
maintenance for the operator. It is now possible to 
predict very closely the taconite concentrate filtra- 
tion rates for a wide variety of conditions—either 
by experience or with a few simple leaf tests. 
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Fig. 1—Laboratory leaf test apparatus. 


When balling and pelletizing operations began on 
a continuous basis, it became apparent that moisture 
content of the filter cake was a critical factor and 
must always be controlled by the filter operator 
below some maximum allowable value. Accordingly 
the Reserve Mining Co. and the Eimco Corp. joined 
in a study of the many variables affecting filter cake 
moisture content. The study was conducted at the 
Reserve Mining Co. taconite plant at Babbitt, Minn. 

To process plant tonnage the Babbitt plant utilizes 
a 6-ft diam Agidisc filter with six disks and an 8-ft 
diam drum filter with 10-ft face. However, most of 
the plant filter investigations were made on the Agi- 
disc because of its superior performance. A consid- 
erable amount of small-scale test work was first 
carried out to study more closely the individual 
variables and ascertain their effect on filter cake 
moisture content. A general correlation method was 
then developed which allowed reasonable prediction 
of moisture content at any operating conditions. 
This step was made necessary by the fact that in 
full-scale filtering, operating variables usually in- 
teract to produce a combined rather than a singular 
effect. Studies were then made on the full-scale 
filters to prove the validity of the correlations de- 
veloped, and past operating records were examined 
to ascertain whether or not significant variations 
could be traced to any single factor or to a combina- 
tion of factors. 
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Fig. 2—Cake moisture vs drying time. A 7/16 to 1/2-in. 
cake at 57 to 59 pct solids, magnetized without dust. Filter 
media: Saran 601. 


Investigation Procedure: To control the test work 
closely it was decided to obtain all samples of the 
taconite concentrate from the feed to the 6-ft diam 
Agidisc filter at the Babbitt plant. To insure further 
the uniformity of feed samples, all return dust* 


* Undersized pellets and dust from screening operation, reduced 
in size in a ball mill and added to filter feed. 


from the pelletizing section was removed from the 
filter feed, and this magnetic feed was maintained 
at a grind of about 88 pet —325 mesh. 

Filtering apparatus used for the tests was a cir- 
cular leaf, 0.047 sq ft in area, with a tapered bottom 
designed to give drainage identical to the full-scale 
filtration equipment. This leaf was fitted with the 
same media used on the plant filter and a shim 
which insured that all cake formed on the leaf was 
a uniform 0.047 sq ft in area. The leaf was con- 
nected to a receiver and from there to two vacuum 
pumps connected in parallel to give a sufficient and 
controllable air capacity to produce the desired vac- 
uum during the dry portion of the filtration cycle. 
Exhaust from the vacuum pumps was connected to 
a totalizing gas meter for air flow measurement. A 
sketch of this apparatus is shown in Fig. 1. 

To determine the singular effect of each variable 
on the cake moisture, one variable at a time was 
altered through a given range while the others were 
held constant. The most significant variables and 
ranges studied are given in Table I. 

After these basic tests had been completed the 
data were analyzed to establish optimum condi- 
tions for obtaining the lowest cake moisture. Sev- 
eral leaf tests were run at these conditions to deter- 
mine the effect of Separan and Tween 81* and the 


* Two chemical additives that have had success in other fields in 
reancune cake moisture and/or producing a cake that is easier to 
andle. 


effect of dust on cake moisture and to compare filter 
media. 

To validate the general correlations of the leaf 
tests as applied to commercial-sized filters and to 
investigate more completely those variables found 
to affect cake moisture content markedly, filtration 
studies were made on the 6-ft Agidise plant filter. 
To simulate leaf test conditions on this filter as 
closely as possible, studies were made on magnetized 
feed without dust. 
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The Babbitt plant has a strict production schedule, 
and since it is almost impossible to separate varla- 
bles on a commercial-size filter without making 
operational changes, it was necessary to do the test 
work under the particular operating conditions of 
each day. Slight changes were made in the cycle 
speed of the filters, but it was impossible to obtain 
long cycles, which would have reduced productive 
capacity of the filters. As extensive correlations 
could not be obtained, comparisons could be made 


Table |. Variables and Ranges Studied to Determine Effects on 
Cake Moisture 


Variable Selected Test Points 


0.05, 0.10, 0.15, 0.20, 0.25, 0.35, 
0.50, 0.75, 1.00, 1.25, 1.50 min 

5/16, 3/8, 7/16, 1/2, 9/16, 5/8, 
3/4, 7/8, and 1 in. 

5, 10; 15, 20), 25-in= 

5, 10, 15, 20, 23-in. Hg 

45° through 110°F (10 points) 

Whatever available (approxi- 
mately 70 to 95 pet —325) 

50, 55, 60, 65, 70, and 75 pct 
solids 

Eimco Saran 601 

Measured during tests. To be 
correlated in conjunction with 
all data 


Drying time 
Cake thickness 
Vacuum: form dry 


Feed temperature 
Size distribution of feed solids 


Feed solids concentration 


Filter media 
Air rate through the cake 


only with leaf test results and the use of a general 
correlating factor developed from that data. Experi- 
mental results obtained from the laboratory leaf 
tests are presented here. Discussion of the singular 
effect of each variable on cake moisture is followed 
by a description of the collective effect of all 
variables. 
Leaf Test Results 

Drying Time: Increased drying time reduces cake 
moisture in smaller increments, since the decreasing 
amount of liquid attempts to overcome the large 
capillary forces present. A graph of this relation- 
ship has the characteristic knee-shaped curve that 
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Fig. 3—Cake moisture ys thickness. Magnetized without 
dust. A 21 to 23-in. Hg dry vacuum. Filter media: Saran 601. 
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Fig. 4—Cake moisture vs dry vacuum. 1/2-min dry time at 
72°F. 81.1 pct —325 mesh at 58 pct solids, magnetized 
without dust. A 1/4-in. cake at 5-in. Hg form vacuum and 
5/16-in. cake at 10-in. Hg form vacuum. Filter media: 
Saran 601. 


is followed by an asymptotic approach to a mini- 
mum moisture content. Previous experience has 
shown that the drying curves for all materials follow 
this general shape, and it was necessary to plot only 
a few points to determine the slope and the asymp- 
tote for taconite. 

Fig. 2 clearly indicates that increased drying times 
up to 0.6 min lower cake moisture considerably. 
Once this drying time has been reached, the curve 
rapidly becomes asymptotic and a very slight de- 
crease in moisture is obtained. As increased drying 
time decreases the dry solids tonnage rate per square 
foot from the filter, it is imperative not to extend 
the drying time longer than necessary. Coarser 
grinds change the relative position of the curve, but 
the knee portion of the curve remains identical at 
about 0.6 min drying time. 

Cake Thickness: Decrease in cake thickness 
causes a decrease in cake moisture. This is due to 
the increase in total cake permeability as thickness 
is reduced. Other conditions remaining constant, 
the specific cake permeability remains fixed. How- 
ever, the total cake permeability decreases as thick- 
ness increases, and the general shape of the moisture- 
thickness curve for all materials is approximately 
the same, the cake moisture reducing rapidly to a 
minimum as thickness decreases. Several tests were 
made to determine at what thickness this minimum 
occurred for the taconite concentrate. 

The curves in Fig. 3 show that lowest moistures 
are obtained at cake thicknesses of about % in. 
Reduction in thickness beyond this point would not 
reduce cake moisture significantly and would cause 
considerable difficulty in discharging the cake from 
the disk-type filter. 

Form Vacuum: Form vacuum is defined as the 
vacuum applied to the cake-forming or pick-up por- 
tion of the filtration cycle. It was established that 
the highest possible form vacuum should be used to 
obtain the lowest cake moisture. Test results showed 
that raising the form vacuum from 10 to 25 in. Hg 
decreased moisture content more than one percent- 
age point. 

Dry Vacuum: The effect of vacuum on the dry 
portion of the filter cycle is to reduce the moisture 
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content as vacuum or pressure differential is in- 
creased. The thin film of liquid on the cake solids 
is subjected to an increasing air velocity as vacuum 
increases, reducing liquid film thickness and conse- 
quently cake moisture content. Thus the typical 
moisture-vacuum shows a rapid decrease in mois- 
ture to an asymptotic value as vacuum increases. 

As shown in Fig. 4, cake moisture becomes asymp- 
totic at about 23 in. Hg. Since cake moisture de- 
creases about three percentage points from 13 to 
23-in. Hg vacuum, it would seem essential to oper- 
ate the filters at or above the 23-in. Hg vacuum 
level. 

Feed Temperature: When feed temperature is 
increased viscosity is reduced, lowering cake mois- 
ture. This reduction in viscosity is more pronounced 
at lower temperatures. For example, a viscosity 
change from 32° to 50°F is 0.5 centipoise for water, 
but from 50° to 70°F it is only 0.3 centipoise. From 
this it can be expected that cake moisture will de- 
crease rapidly when the feed temperature is raised 
from 32° to 50°F and will decrease more slowly with 
further temperature increases. A similar phenome- 
non has been noted in dewatering coal at wet proc- 
essing plants.” 

The curve in Fig. 5 follows expectations and even- 
tually becomes asymptotic as temperature increases. 
It will be noted that the lowest cake moisture is 
obtained after feed temperature has reached 80° to 
90°F and that moisture increases very markedly if 
feed temperature is reduced beyond 50°F. Feed tem- 
perature should be kept as far above 50°F as is 
practical under plant conditions by limiting the use 
of fresh water make-up in the circuit. 

Percent —325 Mesh Solids in Feed: Fig. 6, a graph 
of the moisture-grind relationship, shows the rapid 
increase in cake moisture as the grind increases past 
90 pet —325 mesh solids. This is due to a decrease in 
porosity and permeability of the cake and to an in- 
crease in the specific surface of the solids. Between 
70 and 90 pet —325 mesh the curve is not as steep 
as beyond 90 pct, but cake moisture content con- 
tinues to decrease steadily with coarser grind. 

Feed grind is determined by plant operation in 
recovery of iron from ore and cannot be lowered 
appreciably to reduce cake moisture content. Test 
results show, with regard to cake moisture, that 
there will be considerable difficulty in the balling 
and pelletizing operations as feed grinds increase 
beyond 90 pet —325 mesh. For best operation it is 
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Fig. 5—Cake moisture ys feed temperature. 12-min dry 
time. 88 pct —325 mesh at 63 pct solids, magnetized with 
dust. Y2-in. cake at 23-in. dry vacuum. Filter media: Saran 
601. 


MARCH 1957, MINING ENGINEERING—351 


{8 
{4 =s 
| | 


CAKE MOISTURE , WT PCT 


CONCENTRATE 


SOLIDS 
1 O 52 TO 55 PCT 


1) 


80 85 90 100 


=—325 MESH! FEEDISOHIDS 


Fig. 6—Cake moisture ys percent —325 mesh. A '2-in. 
cake at 22 to 23-in. Hg dry vacuum. ¥2-min dry time at 
70°F. 60 pct solids, magnetic without dust. Filter media: 
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Fig. 7—Cake moisture ys general correlating factor. Com- 
parison of Agidisc data (run without dust at 88 to 89 pct 
—325 mesh) with leaf test data. Filter media: Saran 601. 
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Fig. 8—Rate ys drying time. 57 to 59 pct solids, magnetized 
without dust. Filter media: Saran 601. 
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highly desirable that a minimum grind be main- 
tained that is consistent with acceptable iron re- 
covery. 

Feed Solids Concentration: The effect of feed 
solids concentration on cake moisture varies with 
the type of material being filtered. Usually the cake 
moisture decreases as solids concentration increases, 
but occasionally certain materials exhibit a mini- 
mum point in the curve. This relationship is a func- 
tion of cake formation. Different materials form 
tighter cakes according to the amount of solids 
present and the size and shape of the particles. In 
the case of taconite concentrate filtration, the mini- 
mum in the moisture-solids relationship appears to 
be near 55 pct solids, and it seems probable from 
the data that cake moistures could be lowered 
slightly by decreasing the pulp density from 70 pct 
towards 55 pet solids. 

Effect of Additives: With the discovery of new and 
better additives and reagents, some industries have 
incorporated their use to produce a more easily dis- 
charged and/or a more easily handled cake. It was 
hoped that certain of these additives could be used 
to lower the moisture content of the filter cake, since 
ease of handling is already at optimum level. 

Two additives that were believed to have the 
greatest chance of success are Separan, which is a 
flocculant, and Tween 81, a non-ionic wetting agent. 
Separan actually increased the cake moisture con- 
tent and was discarded in further testing. When 
Tween 81 was used, moistures were slightly lower 
until after 0.75 drying time, when they became 
greater than without the additive. It was decided 
that the slight reduction in moisture did not war- 
rant the expense of using this additive. 

Effect of Various Cloths: A number of cloths were 
tested in comparison with a monofilament Saran 
cloth with a 6/1 Satin weave that has been used 
very successfully on filters at the Babbitt plant. It 
was hoped that a cloth would be found that would 
produce a cake with lower moisture content while 
permitting the good discharge obtained with Saran 
cloth. 

The cloths tested were monofilament nylon, mono- 
filament Polyethylene, monofilament Saran, and 
high-twist multifilament nylon. All gave cake mois- 
tures and discharging properties similar to those 
attained with the Saran cloth already employed. It 
is possible, however, that these cloths would last 
longer than the Saran. 

General Correlation: To present an overall pic- 
ture in one graph, cake moisture was plotted as a 
function of a general correlating factor incorporat- 
ing all major filter operating variables directly 
affecting moisture. These factors are pressure drop 
(vacuum level), drying time, cake thickness, air 
rate through the cake, and viscosity (temperature). 
The correlating factor is as follows: 


Correlating factor = (AP) ( = ) 
( ) ( : ) 
std 


in which AP = pressure differential or the vacuum 
level on the drying portion of the 
filtration cycle, expressed in inches of 
mercury vacuum. 
6) = drying time (that portion of the fil- 
tration cycle in which the cake under 
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Fig. 9—Cake moisture vs percent —325 mesh. Operating data from Agidisc filter at Babbitt, Minn., January through Septem- 
ber 1955. Water temperatures: 32° to 45°F, 46° to 60°F, and 61°F and higher. See corresponding symbols above. 


vacuum is exposed to the atmosphere) 
expressed in minutes. 
D = cake thickness expressed in inches. 
cfm air rate through the cake during the 
= sta Gry cycle expressed in cubic feet of 
gas per minute per square foot of 
filter area at standard conditions (at- 
mospheric pressure and 60°F). 
# = viscosity of the liquid passing through 
the cake solids expressed in centi- 
poises. 


This general correlation has been developed pre- 
viously and will be found in the technical litera- 
ture."* For any individual series of tests the filter 
media, feed solids concentration, dust content, and 
grind were held fixed. However, the feed grind or 
feed solids size distribution should be considered a 
major parameter in any correlation of moisture con- 
tent as a function of this factor. Since the return 
dust content of the filter feed affects the feed solids 
size distribution, the return dust content is actually 
a parameter similar to feed grind. 

The top curve in Fig. 7 represents data taken at 
Babbitt with dust, and the lower curve illustrates 
results without return dust present. It will be ob- 
served that cake moisture decreases rapidly at first 
as the correlating factor increases. Then moisture 
slowly decreases to an asymptotic value upon fur- 
ther correlating factor increases. This graph has an 
expanded moisture scale to allow the points to be 
read more easily. Ordinarily, plotted moisture 
values are closer together and this curve would 
exhibit a very sharp break to an asymptotic line. 
Actually the correlation curve of taconite concen- 
trate shows one of the sharpest breaks of all mate- 
rials tested. This means that the taconite filter cake 
reduces to its asymptotic value much more rapidly 
than most materials. From the standpoint of eco- 
nomical design, operating conditions would be the 
highest point on the curve that gave the desired 
moisture for pelletizing. However, if any fluctua- 
tions in operating conditions occur, there is a strong 
danger that moisture content will be too high, if the 
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value of the correlating factor is lowered. Optimum 
operation would be closer to the base or in the rela- 
tively flat portion of the curve. At this point approx- 
imately the lowest moistures obtainable will be re- 
alized. If sudden upsets or peak tonnages arise and 
operating variables cause the correlating factor to 
decrease, cake moisture will increase only slightly, 
causing no hindrance to following operations. 

Curves in Fig. 7 indicate that size distribution of 
feed particles greatly affects the cake moisture. It is 
also evident that the addition of return dust (with 
its excess fines and slime content) changes the feed 
size distribution sufficiently to cause a drastic change 
in cake moisture. 

Normal operation at the Babbitt plant with the 
present tonnage and filtration equipment would pro- 
duce a correlating factor of 10 to 20. For this range 
the average moisture content would be 11.0 to 10.5 
wt pet. To obtain an optimum position for ease of 
operation and lower cake moistures, it will be neces- 
sary to increase the correlating factor to a more 
level position on the curve. This means that the 
variables incorporated in the correlating factor must 
be changed: 1) Pressure differential is now at maxi- 
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Fig. 10—Agidisc filter: cake moisture ys drying time. 85 to 
86 pct —325 mesh at 55 to 57 pct solids, magnetic feed. 
23 to 24-in. Hg dry vacuum at 59 to 60°F. Filter media: 
Saran 601. 
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mum value, which was found to be the most econom- 
ical position. 2) Drying time can be increased to 
increase the correlating factor and result in a lower 
cake moisture. 3) Cake thickness is approximately 
at its lowest limit in the present operation and can- 
not be greatly improved. 4) Air rate through the 
cake is dependent on the pressure differential and 
vacuum pump used and therefore remains fixed at 
the particular quantity associated with maximum 
vacuum. 5) Viscosity is dependent on temperature 
of feed to the filters. Since it may not be economical 
to increase this temperature, which cannot be con- 
trolled appreciably, the viscosity factor is more or 
less fixed with the time of year. The remaining 
variables, pulp density and pulp grind, are not di- 
rectly associated with the correlating factor—they 
are a function of plant operation and therefore fixed 
quantities. Thus the only variable that can be 
changed to obtain a larger correlating factor is dry- 
ing time. If all remaining variables are held con- 
stant at optimum or operational levels, drying time 
can be increased to obtain lower moistures and 
greater stability of operation. As drying time also 
affects the capacity or production of the filter, a 
change in this factor influences the economics of the 
operation. 

Rate: Rate varies inversely with cycle time in all 
installations. According to the ideal relationship, rate 
is a function of time to the —% power. In this case, 
however, it was decided to increase drying time 
alone and hold cake thickness constant. A log-log 
plot of rate vs drying time with constant cake thick- 
ness results in a straight line with a slope of —1l. 
This is illustrated in Fig. 8. 

Expected plant operation will use a drying time 
of 0.25 to 0.35 min. With a cake of 7/16 in., this re- 
sults in a rate of about 550 lb dry solids per hr per 
ft. If the operation were changed to permit a longer 
drying time, the rate would drop in accordance with 
Fig. 8 if the cake thickness were held constant at 
7/16 in. The conclusion reached from analysis of 
Fig. 2 (moisture vs drying time) was that prolonged 
drying time up to 0.6 min was advantageous. The 
rate at 0.6 min drying time with 7/16 min cake 
thickness would be about 265 lb per hr per ft” (Fig. 
8). Productive capacity of the filter would be halved 
with this increase in drying time. The effect on cake 
moisture is evident in Fig. 7. With the doubled dry- 
ing time, the correlation factor is doubled to the 20 
to 40 range, with a reduction of 0.5 pet cake moisture. 


Agidisc Filter Results 


To correlate the previous leaf test analyses with 
full-scale results, tests were performed on the Agi- 
disc filter at the Babbitt plant under typical operat- 
ing conditions. Fig. 9 presents data on feed grind, 
feed temperature, and cake moisture, compiled from 
January through September 1955. Data were classed 
in three groups according to feed temperatures from 
32° to 46°F, 46° to 60°F, and above 60°F. 

The curve in Fig. 9 was drawn through what was 
selected as the median temperature range. All points 
falling in the 46° to 60°F group were placed in this 
median range. It will be noted that almost all the 
points in the 32° to 45°F range are above this median 
curve, whereas most of the points above 60°F fall 
below the curve. This substantiates the leaf test 
temperature results illustrated in Fig. 5. It is also 
interesting to note that almost all the 32° to 45°F 
data lie between 76 and 85 pct —325 mesh, whereas 
data above 60°F lie primarily between 83 to 93 pct 
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—325 mesh. This can be partially explained by the 
fact that the classifiers used in the circuit would 
naturally operate at lower classification points with 
the higher temperatures due to the lower viscosity. 

This same curve verifies the pulp grind leaf test 
data presented in Fig. 6. If reduced to the same scale, 
both curves have the same slope at identical grinds. 
The data curve for the leaf tests is lower in position, 
having been obtained on feed without return dust 
present. Most of the data in Fig. 9* included dust in 


* Taken from daily averages incorporating results from all hours 
of the day. 
the filter feed. The only difference in the curves, 
therefore, would be the difference in cake moisture 
obtained with and without return dust in the feed. 

One conclusion reached from the leaf tests was 
that the only variable that could presently be 
changed to reduce cake moisture at Babbitt was dry- 
ing time. To do this on a plant filter it is necessary 
to increase the cycle time. This in turn increases 
form time, resulting in a thicker cake. As mentioned 
before, thicker cakes produce higher cake moisture. 
Even with increased cake thickness, however, the 
decrease in moisture upon prolonged drying is ap- 
parent (Fig. 10). If cake thickness were held constant 
the moisture decrease would be greater with in- 
creased drying time, as shown in Fig. 2. In Fig. 10 
a comparison is made between feed with and with- 
out dust. Throughout the range tested the difference 
between results is about 0.3 pet moisture. Thus the 
relationship between cake moisture and drying time 
as shown by the leaf tests is verified by results from 
the Agidisc filter. 

As no one variable could be separated during the 
full-scale filter studies, the only effective way to 
compare the leaf test results with the plant filter 
results would be to use the correlating factor in 
evaluating the data, exclusive of size distribution. 
It then makes no difference during the tests whether 
one variable or all variables change—the factor in- 
corporates alterations into one total change. 

The curve representing the leaf test results of feed 
without dust was used as a basis of comparison with 
data obtained on the Agidisc filter of feed without 
dust. Results for the Agidisc filter (shown on lower 
curve of Fig. 7) lie almost on the curve for the leaf 
tests. Their moisture values are slightly lower than 
the leaf test values at the same correlating factor. 
However, the leaf test data were obtained on feeds 
of 88 to 91 pct —325 mesh, whereas the Agidisec re- 
sults were obtained on feeds of 86 to 89 pct —325 
mesh. It would be expected, therefore, that the feeds 
with the coarser grind would have slightly lower 
cake moistures, as pointed out previously. Allowing 
for this difference in pulp grind, values for both leaf 
and Agidise tests would be similar. It is safe to con- 
clude that results reached from leaf test work can be 
applied to large filter operation. 


Conclusions 

Based on results obtained with the leaf tests and 
later confirmed on the Agidise filter at Babbitt, the 
following conclusions are made with regard to min- 
imizing cake moisture: 

1) Cake moisture can be lowered by prolonged 
drying time. Drying times longer than 0.6 min are 
probably not economical. A drying time of 0.6 min 
would decrease moisture content at Babbitt by 0.5 
to 1.0 pet under present operating conditions. 

Present operation: 0.25 to 
0.32 min drying time 
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2) Filtration rates at Babbitt are now 550 lb per 
hr per ft*. Increasing the drying time to 0.6 min 
would drop filtration rate to 275 lb per hr per ft’, 
but with a decrease of 0.5 pct or greater in moisture 
content. 

Present operation: 550 Ib 
per hr per ft’ 

3) Cake thickness should be as thin as possible 
and still maintain good discharge ability. This is 
about 3 in. 

Present operation: % to % 
in. 

4) Both form and dry vacuum levels should be 
as high as possible to obtain the lowest cake moist- 
ure content. This level determines the air rate 
through the cake for a particular vacuum pump. 

Present operation: top vac- 
uum 


5) Lower cake moistures will be obtained with 
increased feed temperatures. If possible, feed tem- 
peratures should not fall below 50°F. 

Present operation: function 
of climatic conditions 
only 


6) Increased pulp grind increases cake moisture 
content. Grind should be maintained at a minimum 
—-325 mesh percent consistent with acceptable iron 
recovery. However, if 90 pct —325 mesh or greater 
must be employed, cake moisture will rise appre- 
ciably. 


Present operation: nor- 
mally about 88 pct —325 
mesh 


7) Optimum pulp density for the Agidisc filter is 
not known precisely but the operation appears good 
at 55 to 60 pct solids. 

Present operation: 55 to 65 
pet 

8) The filter medium that should be used is Eimco 
Saran 601 until a medium with better overall per- 
formance is discovered. Cloths that might prove 
better from an economic standpoint are nonfilament 
nylons and Polyethylenes and high twist nylon. 

Present operation: Eimco 
Saran 601 

9) Addition of normal amounts of return dust of 
the filter feed at Babbitt increases cake moisture 
about 0.3 pet over feed without dust. 

Present operation: 
dust 


with 
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Experiments Induced Polarization 


by John H. Henkel and Robert G. Van Nostrand 


RANSIENT potentials obtained in resistivity 

prospecting can be separated into two classes. 
The first is electromagnetic, has a comparatively 
short time constant, and increases in relative am- 
plitude as the electrode separation is increased. 
These electromagnetic transient potentials, of which 
an excellent theoretical treatment is given by Yost,’ 
are the result of changes in the current and can be 
classed as differentiated signals. The second class 
is electrochemical, has a comparatively long time 
constant, and decreases in relative amplitude as the 
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electrode separation is increased. The electrochem- 
ical signals are generated by the current flow itself 
and can be classed as integrated signals. The tran- 
sient potentials due to electrochemical factors are 
the subject of this article. The phenomenon is re- 
ferred to as induced polarization. 

Schlumberger’ was the first worker to observe in- 
duced polarization, but he was unsuccessful in at- 
tempts to apply the principles of induced polariza- 
tion in electrochemical prospecting. Other workers, 
notably Bleil,’ have studied polarization and in some 
cases pointed out its possibilities, but no theory has 
been presented that describes polarization and its 
time dependence adequately. It is the purpose of this 
discussion to present the essence of a theory to geo- 
physicists and to show that it leads to results con- 
sistent with experimental evidence. The theory on 
which this analysis is based has existed in electro- 
chemical circles since 1910." 
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Three assumptions underlie this theory. Follow- 
ing the work of Hittorf,° it is assumed that there 
is no net free charge at any point in the solution, 
even though the conduction is electrolytic in na- 
ture.* It can be seen that this is true when current 


* This is open to objections, since it is assumed that the induced 
polarization occurs at the surfaces of clay particles where there is a 
space charge whose distribution falls off exponentially from the 
surface of clay particles, as calculated by using Boltzmann’s dis- 
tribution. 


flows through a long tube, with copper electrodes at 
each end, containing an electrolyte such as a solution 
of CuSO,. If the fraction of the total current carried 
by the copper ions is designated by a, the fraction of 
the total current carried by the sulfate ions is given 
by 1—a. After a passage of I amperes for a short 


N 
time, At, a total of (alAt) —— copper atoms 


have moved away from the anode. In this expres- 
sion, N is Avogardo’s number, F is one Faraday of 
electric charge, and 2 is the valence of the cop- 
per. During the same interval of time, a total of 


N 
(TAt) (5) atoms of copper enter the solution 


according to Faraday’s law. Therefore the region 
immediately adjacent to the anode is enriched in 


N 
copper by (1— a) (IAt) ex) atoms during the 


interval At. Also during the same interval of time, 
the same number of sulfate ions enter the region 
adjacent to the anode. However, a complex reaction 
takes place at the anode: oxygen is liberated and 
the sulfate ions are held in solution, thus enriching 
the anodic region by a number of sulfate ions equal 
to the excess of copper ions. A similar analysis 
shows that the region adjacent to the cathode loses 
the same number of copper sulfate molecules that 
the anodic region gains. 

The second assumption follows from the first and 
states simply that the polarization potential ob- 
served in electrical prospecting is a concentration 
potential.* Although the principal electrolyte in the 


* This assumption is open to criticism, since Agar and Bowden 
point out other types of polarization. 


earth is sodium chloride solution, its behavior would 
follow that given in the above example. Therefore, 
a concentration cell is established between the re- 
gions around the cathode and anode. When the en- 
ergizing current is stopped, it is possible to observe 
an induced polarization current as this concentra- 
tion cell dissipates its stored energy. 


CURRENT —> 


Fig. 1—Typical current shape used in polarization experiments. 


The third assumption ties the laboratory model to 
field experience. The authors believe that earth 
materials, and particularly clays, are selective in 
the transmission of ions. Although there is dis- 
agreement as to the actual mechanism involved,” ‘ 
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it appears that certain clay particles permit only the 
passage of positive ions in a manner analogous to 
that by which metals permit only the passage of 


PLASTIC, CASE TEST 


4 N 
COPPER | COPPER CuSOg SOLUTION 
CURRENT POTENTIAL 
ELECTRODE ELECTRODE 


Fig. 2—Test cell for polarization experiments. 


electrons, provided the concentration of the solute 
is small compared with the space charge of the clay 
particles. Therefore each face of one of these clay 
particles in an electric current becomes an elec- 
trode which furnishes a region of anomalous con- 
centration as described above. After an energizing 
current has been terminated, each of these elemen- 
tary concentration cells discharges, adding to the 
net effect that is measured at the surface of the 
earth. 

In the interest of simplicity, only the basic equa- 
tions are presented, without discussion as to how 
they are solved. Details will be found in the article 
by Rosebrugh and Miller,‘ on whose work this de- 
velopment is based. 

As originally derived and as presented here, this 
theory is strictly applicable only to metal electrodes 
in contact with homogeneous electrolytes. However, 
it will be seen later that the theory gives satisfac- 
tory agreement with experimental data obtained in 
porous media where the assumed conditions are 
questionable. The authors believe it to be at least 
a good approximation in porous earth materials. 

First, the current density due to migration of lions 
arising both from differences in concentration and 
an impressed electric field is 


Z (= Divot [1] 


Here Z is the valence without regard to sign, F is 
62,500 coulombs, D is the diffusion constant, C the 
concentration, M the ion mobility, and E the electric 
field. The plus and minus signs used as superscripts 
refer to the positive and negative ions respectively. 
The basic equation to be solved is the equation of 
continuity: 


[2] 
Its solution is subject to Laplace’s equation: 
E=0 [3] 


The applicability of Laplace’s equation arises from 
the fact that the net charge is everywhere zero in 
the solution, except perhaps within a distance of a 
few molecular diameters of the metal surfaces. The 
diffusion constant can be expressed in terms of the 
ionic mobilities by the following relationship: 


[4] 


where R is the universal gas constant and T is the 
absolute temperature. 
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Fig. 3—Typical oscillograph display of polarization signals. 


Because there seems to be little hope of determin- 
ing the many complex constants that enter the 
polarization equations as applied to earth materials, 
examination of the time dependence of the solutions 
discussed by Rosebrugh and Miller offers the most 
convenient check on validity of the theory. More- 
over, the time dependence is the same whether the 
problem to be considered is one-dimensional or 
three-dimensional. 

For sufficiently small current densities, such as are 
used in electrical prospecting, it is found that the 
polarization electric field due to a single current 
pulse is given approximately by 


1 
n=1 (2n—1)? 


[5] 
The constants K and k depend on the geometry 
of the experiment, as well as the electrical proper- 
ties of the solutions involved, and f(x,y,z) is a 
function of position. Also, it will be noted that K is 
a linear function of the total current J. The time t is 
measured from the instant the energizing current 
is turned off and t, designates the time the energiz- 
ing current is applied to the ground or to a given 
sample. Thus it is seen that the first term in brackets 
arises from the end of the current pulse and the 
second term arises from the beginning of the cur- 
rent pulse. 

If the energizing current is applied and measure- 
ments are made in a repetitive fashion, there will be 
a set of terms in the solution corresponding to the 
two given above for every interval during which 
the current is applied. Consider the case in which 
the energizing current is applied as shown in Fig. 1: 


a K (2n—1)? 


2 2 


where t is now measured from the last time the 
current is turned off. 

Experimental Procedure: Fig. 2 shows the spe- 
cially designed cells in which the laboratory ex- 
periments were performed. These cells consisted of 
rectangular boxes 4 in. long and 1% in. square. Each 
end of the box was covered with a copper electrode 
through which current was brought into the cell. 
Since these electrodes covered the entire cross sec- 
tion of the cell, the current flow was considered to be 
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one-dimensional. In some cases the open top of the 
cell was covered with wax to eliminate evaporation 
and thus to maintain homogeneity. 

The electrolyte was usually copper sulfate solution 
in various concentrations, although other salts in- 
cluding sodium chloride were sometimes used with 
comparable results. Nonpolarizing potential elec- 
trodes were tried but gave the same results as the 
copper electrodes, which were more convenient to 
use. 

Although CuSO, is not the salt that enters into 
most reactions in the earth, the authors believe that 
the same principles are involved regardless of the 
salts used. CuSO, was used because it was believed 
that there was some improvement in the perform- 
ance of the potential electrodes when the copper was 
in contact with a salt of copper. 

The test substances were cut into plates, which 
exactly filled the cross section of the cell, and were 
placed in the center of the cell. These samples con- 
sisted of metal plates singly or in combination, sand- 
stones, shales, and limestones. For certain experi- 
ments, loose sand samples were used; in this case, 
the sample filled the whole cell and the conducting 
fluid filled only the pore spaces in the sand. The 
potential differences across the sample were meas- 
ured through the two small copper electrodes placed 
as shown in Fig. 3. It was considered that these 
electrodes were small enough not to upset the con- 
ditions being measured or the linear flow of current 
that was assumed. 

In all cases the current was applied to the cell 
in the manner illustrated in Fig. 1. The reversing 
feature of the current was chosen so that a cumula- 
tive polarization would not be produced. The sweep 
of the oscilloscope on which the transient potentials 
were observed was adjusted so that the signal for 
negative current was superimposed on the signal for 
positive current (Fig. 3). By working with the 
difference between these two signals, it was possible 
to eliminate the effect of any natural potential dif- 
ference between the potential electrodes. During 
normal operation the potential electrodes were dis- 
connected while current was being applied to the 
cell. The reason was that the in-phase potential is 
comparatively so large that accurate measurement of 
the polarization potential would be difficult if the 
two were recorded on the same scale. Signals similar 
to those shown in Fig. 3 were recorded by photo- 
graphing the traces on the oscilloscope screen. 


TEST CELL 
* AMPLI- 
P 


Py FIER SCOPE 


SQUARE 
WAVE 
GENERATOR 


Fig. 4—Schematic diagram of apparatus used to measure 
induced polarization. 


[= 


Fig. 4 is a diagram of the circuit used to study 
polarization. All the switching was done with mer- 
cury contact relays. The output of a square wave 
generator regulated relays R., and R,. It also regu- 
lated the frequency divider, which in turn controlled 
the relay R,. The relay R. makes and breaks the 
current switch, thus generating a train of square 
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Fig. 5—Relationship between polarization and energizing 
current. 


pulses of much larger amplitude than could be ob- 
tained directly from the square wave generator. The 
relay R, reverses the polarity of the current line 
every time the current switch goes into the off posi- 
tion. The bi-directional square wave shown in Fig. 
1 was produced with this device. The relay R, shunts 
the amplifier while the energizing current is flowing 
and connects the potential electrodes to the ampli- 
fier 1 m-sec after the current is turned off. This 
delay eliminates the electromagnetic transients from 
the record. In most of the experiments the currents 
used were of the order of a few milliamperes or 
smaller. 

Results: In most of this work, the index used to 
measure polarization was the peak-to-peak signal. 
Peak-to-peak polarization is the maximum differ- 
ence between the positive and negative signals. Be- 
cause of the manner in which the measurements 
were made, this maximum occurred 1 m-sec after 
the current was turned off. This quantity is desig- 
nated as E,. 

The result when there was no sample in the cell 
is as important as later results obtained with sam- 
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Fig. 6—Effect of the number of surfaces on polarization. 
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Fig. 7—Effect of clay thickness on polarization. 


ples. The cell was filled with various electrolytes in 
a variety of concentrations. With no solid obstruc- 
tions between the potential electrodes in the cell, 
no polarization signal could be detected. This kind 
of experiment satisfied the writers that they were 
not measuring electrode effects in later experiments. 

The theory shows that for low current density the 
polarization potential should vary directly as the 
current density. If the geometry of the experiment 
is not changed, the current density varies directly 
as the total applied current, which is the quantity 
used in the comparison. This dependence is illus- 
trated in Fig. 5, in which the peak-to-peak polariza- 
tion is plotted against the current applied to the 
cell. The experiment was run with a copper plate 
placed between the potential electrodes so that the 
entire current passed through the plate. For cur- 
rents up to 10 ma, it was found that the polarization 
is proportional to the applied current. The corres- 
ponding current densities in the cell were larger 
than those used in electrical prospecting except in 
the immediate vicinity of the current electrodes. For 
larger currents, it was found that the ratio E,/I de- 
creased slightly, but the writers did not reach what 
they could consider to be saturation. 

The number of copper plates between the potential 
electrodes was varied to show that the phenomenon 
under investigation is a surface effect. Results are 
shown in Fig. 6. The plates used were cleaned with 
nitric acid, and every effort was made to make them 
identical. When a single plate was used, the results 
were independent of the thickness of the plate. It 
can be seen from Fig. 6 that the polarization varied 
linearly with the number of plates (or surfaces) 
introduced between the potential electrodes. 

An analogous experiment was performed on clay 
to show that the effect in clay is a bulk property of 
the clay itself and not a function of its visible, ex- 
ternal surfaces. Fig. 7 shows the result of increasing 
the thickness of a sample of clay. The polarization 
due to clay varies directly with the thickness of the 
sample.* In this case, large potential electrodes 


*In connection with the work on clays it is well to mention the 
work of Vacquier.® 


were used to hold in place the samples that were 
actually a viscous drilling mud. It was the effect of 
these electrodes that caused the zero-thickness po- 
tential observable in Fig. 7. 

The writers also checked the dependence of polar- 
ization on concentration of the electrolyte. Fig. 8 
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Fig. 8—Relationship between polarization and the electrolytic 
concentration. 


shows a plot of the peak-to-peak polarization as a 
function of 1/yC where y is the activity coefficient of 
the copper sulfate solution at concentration C. The 
activity coefficients used are those given by Taylor.” 
As predicted from the theory, these points all fall on 
a straight line. 

The most important test of the theory is the de- 
pendence of the polarization decay upon time. Fig. 
9 shows some experimental data (plotted points) 
and a theoretical curve (solid line) that was cal- 
culated from the time dependence indicated above 
and adjusted arbitrarily to an appropriate scale. 
Although the data shown are for an experiment in 
which a copper plate was used, they are typical of 
all the data both for copper plates and for earth 
materials. It is believed that the excellent agreement 
shown here enhances considerably the value of the 
theory outlined in this article. The authors have 
fitted equally well many of the field curves Van 
Nostrand and Farnham” obtained in Virginia using 
the Wenner configuration on the surface of the 
ground. 

In addition to the work discussed, the writers 
have performed many other miscellaneous experi- 
ments. For example, they have found that clean 
sand does not display polarization but that small 
amounts of impurities, such as are found in naturally 
occurring sands, cause marked polarization. Lime- 
stones display polarization that varies considerably 
from sample to sample. They have also found that 
polarization of a metai plate depends largely on the 
nature of its surface. A clean plate does not polarize 
nearly as much as one that is covered with natural 
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Fig. 9—Typical decay of polarization with time. 


corrosion. This point has not been stressed here 
because its geological implications are not at all 
obvious. 
Conclusions 

From the experiments described, it is concluded 
that induced polarization is a surface phenomenon 
and is present whenever the mode of electrical con- 
duction changes. Polarization occurs, for example, 
whenever electrical conduction changes from elec- 
trolytic to metallic or whenever the transference 
numbers of the participating ions change as they 
do at a liquid-liquid contact. Clay particles are of 
prime importance in polarization in the earth be- 
cause they tend to obstruct the passage of anions. 

Experiments, as far as they have gone, verified 
the theory. It was shown that the time dependence 
of the phenomenon was as described by Eq. 6; it was 
proved that for sufficiently small current densities 
the polarization is proportional to the applied cur- 
rent; and it has been shown that the polarization 
is inversely proportional to the chemical activity 
times the concentration of the electrolyte. Although 
the writers have not thoroughly investigated the 
cause of induced polarization, they believe that the 
facts reported here are pertinent to an understand- 
ing of induced polarization. Such understanding is 
essential to the eventual exploitation of induced 
polarization in geophysical prospecting. 
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Coking Properties Of 
Pittsburgh District Coals 


by F. W. Smith, D. A. Reynolds, and D. E. Wolfson 


N 1948 the U. S. Bureau of Mines began a three- 

phase program to evaluate the extent and quality 
of U. S. coking coal: 1) a factual appraisal of known 
recoverable reserves in beds of mineable thickness, 
2) a study of preparation characteristics, and 3) a 
study of carbonization properties. A previous paper 
presented the methods used in assessing reserves.’ 
Although this investigation is only partly completed, 
data on coking properties of the Pittsburgh district 
coals are now available. The results are presented 
in this article. 


When coals are selected for manufacture of metal- 
lurgical coke more factors must be considered than 
for any other major use, as no basic industry re- 
quires coal of such high quality and uniformity. 
This is particularly true in the Pittsburgh district, 
where blast furnace practice is based on use of 
cokes from high quality coals. Although it is true 
that inferior coals are carbonized in other industrial 
areas, both here and abroad, the Pittsburgh coals 
are the best economically obtainable in the required 
tonnages, even though they are not the most de- 
sirable for metallurgical use. 


In the general evaluation of suitability of coals 
for coke making, particular attention is given to: 1) 
reserve, 2) ash and sulfur content, 3) inherent prop- 
erties of forming strong, well fused coke, 4) ex- 
panding characteristics, and 5) blending properties. 
Items 1 and 2 are covered in detail in the first two 
phases of the survey, and coking behavior is con- 
sidered in items 3 through 5. 


Problems in Coal Evaluation: Although not all 
coal beds of immediate or potential use to the coking 
industry in the Pittsburgh area have been tested for 
their coking properties, enough tests have been 
made to permit certain generalized statements. 
Virtually all the coals that will be used in this dis- 
trict are from the Appalachian region, and except 
for high oxygen coals from outcrops or stripping 
operations, they are coking coals. Hence the evalu- 
ation problem is not so much that of distinguishing 
between coking and noncoking coals as attempting 
to measure quantitatively differences in the coking 
and expanding properties of the better coking coals. 
Quantitative differentiation between good coking 
coals is complex, since differences in their coking 
abilities are frequently of about the same magni- 
tude as the precision of the test. Small-scale tests 
are generally unsuitable for measuring these slight 
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differences, and there has been gradual acceptance 
of pilot-scale tests. 

Test Methods Employed: All the data reported 
here were obtained in two units known as the 
Bureau of Mines-American Gas Association (BM- 
AGA) carbonization apparatus and the sole-heated 
expansion oven. The BM-AGA unit, which consists 
essentially of a cylindrical steel retort about 18 in. 
diam and 26 in. high, carbonizes enough coal (180 
lb) to allow evaluation of the coke by standard 
methods of the American Society for Testing Mate- 
rials. The BM-AGA carbonization procedure and 
methods of testing the gas, liquid, and solid products 
have been described.” 

Expanding characteristics of the coals were deter- 
mined in the sole-heated expansion oven,’ wherein 
the coal charge, heated from the bottom only, is 
carbonized under a constant applied force and the 
linear expansion or contraction is measured. Al- 
though results in this oven have never been quanti- 
tatively correlated with the expansion behavior of 
coals in conventional slot ovens, they are useful in 
assessing expansion behavior. 

In this report discussion will be confined to re- 
sults obtained from these pilot-scale units, although 
the following data are available for most coals: 
proximate and ultimate analyses, free swelling in- 
dex, agglutinating value, and plasticity. 

Sources of Coals Tested: In selection of coals for 
coke manufacture, economic considerations are as 
important as quality, and each coke plant balances 
these two factors to meet requirements of the most 
satisfactory coke at lowest price. Although these 


Table |. Stratigraphic Listing of Pittsburgh and West Virginia Coals 


High Volatile Medium or Low Volatile 


Pittsburgh 

Upper Freeport (Thick Freeport) 
Lower Freeport 

Lower Kittanning (No. 5 block) 
Winifrede (Dorothy) 


Bakerstown 

Upper Freeport 

Lower Freeport 

Upper Kittanning 

Lower Kittanning (No. 5 block) 


Chilton Eagle 
Cedar Grove (Thacker) Sewell 
Alma Beckley 


Campbells Creek (No. 2 gas) Fire Creek 

Eagle Pocahontas No. 6 

Sewell Pocahontas No. 4 
Pocahontas No. 3 


economic factors may in some instances outbalance 
small differences in coke quality, they are usually 
specific to each coke plant and cannot be given in 
any general statement. Recognizing that coal and 
plant operating costs are beyond the scope of the 
survey, the USBM evaluates the coking quality of 
various coals without regard to their competitive 
economic status. 

For the purpose of this article, coals of interest to 
the Pittsburgh district are arbitrarily defined as 
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Table Il. Ranges in Analyses, Coke Strength Indexes, and Expansion of 97 Pennsylyania-West Virginia Coals from 
Beds 


Coke Indexes** 


Dry, Mineral- Shatter Tumbler 
Matter- Analysis of Coals* - 
Number of Free Fixed -= Stability Hardness 
Bed Samples Carbon, Pct Ash, Pet Sulfur, Pct 112-In. 1-In. 14-In. Expansion*t 
d (High Volatile Coals) 

Pittsburgh 10 53.3 to 63.6 5.4to 9.3 0.6 to 4.4 67 to 78 19 to 43 47 to 65 —17.5to —9.6 
Upper Freeport 13 5&.7 to 67.7 BL tor .9.7 0.7 to 3.3 77 to 89 22 to 52 47 to 63 —214to 41.8 
Lower Freeport 2 67.4 to 67.7 8.5 to 10.5 1.3 to 2.9 86 to 89 41 to 47 57 to 64 —19.3 

Lower Kittanning ii 58.1 to 66.5 5.2 to) Oh 0.8 to 2.7 74 to 81 26 to 40 52 to 59 —31.6 to —10.7 
Winifrede 4 62.2 to 63.6 4.1to 9.9 0.5 to 0.9 74 to 79 22 to 44 54 to 65 —83to —44 
Chilton 3 62.1 to 63.0 4.3 to 5.7 0.6 to 0.9 66 to 79 40 to 42 59 to 66 -18.9 

Cedar Grovet 5 60.9 to 65.5 SPs) oy KS) 0.6 to 1.5 71 to 81 36 to 49 58 to 64 —14.4to —4.2 
Alma 4 59.1 to 65.9 Sa tO) 9:5 0.6 to 1.8 60 to 79 20 to 40 46 to 65 —18.4 to —11.6 
No. 2 Gas 5 59.6 to 67.6 2.1 to 12-3 0.7 to 2.7 65 to 86 31 to 46 55 to 61 31.1lto —5.5 
Eagle 3 63.7 to 67.0 5.3 to. 7.4 0.7 to 1.4 72 to 77 28 to 52 56 to 68 —15.1to —2.6 
Sewell 2 67.0 to 67.4 4310, 5.5 0.6 to 0.6 87 to 90 43 to 54 59 to 66 —0.3to —7.0 
Averages 11 60.9 to 67.6 — — 68 to 90 32 to 52 58 to 66 —24.3 to 2.2 

(Medium and Low Volatile Coals) 

Bakerstown 1 Tied Ber 1.0 88 59 66 +11.9 
Upper Freeport 3 69.5 to 78.6 8.6 to 9.6 0.8 to 1.7 89 to 91 51 to 57 59 to 64 6.5to 18.6 
Lower Freeport 2 73.4 to 74.3 6.4to 7.2 0.7 to 1.6 89 to 90 57 to 57 62 to 65 16.4to 21.8 
Upper Kittanning 3 73.3 to 79.9 6.0 to 10.9 1.5 to 2.9 87 to 91 53 to 57 61 to 64 6.9to 17.4 
Lower Kittanning 3 69.3 to 77.9 6.7 to Oi 1.1 to 1.8 87 to 91 48 to 56 59 to 63 2.0 to) 13:7 
Eagle 5 69.2 to 73.0 5.2ito 8.2 0:3 tors 82 to 88 44 to 53 58 to 69 —20.1to 17.3 
Sewell 7 69.2 to 78.6 Zl tO) 29 0.5 to 1.1 79 to 96 49 to 59 60 to 66 —11.3to 26.1 
Beckley 4 79.5 to 83.0 3.2to 8.7 0.4 to 1.1 82 to 93 53 to 58 61 to 65 8.8to 18.7 
Fire Creek 2 76.9 to 79.1 2.4to 5.2 0.8 to 0.8 88 to 90 51 to 55 60 to 63 2.0to 21.1 
Pocahontas No. 6 2 76.9 to 80.7 5.6 to 13.9 0.6 to 1.0 87 to 91 43 to 49 56 to 62 2.2 to 5.5 
Pocahontas No. 4 4 81.2 to 84.2 4.8to 7.0 0.5 to 1.1 75 to 87 48 to 56 60 to 66 15.2to 24.7 
Pocahontas No. 3 3 81.7 to 82.6 3.3 to 6.5 0.6 to 0.7 81 to 83 46 to 54 61 to 65 14.6 to 22.3 


* As carbonized basis. 
** Cokes tested by A.S.T.M. methods. 


+ Expansion measured in sole-heated test oven; results calculated to a bulk density of 55 lb per cu ft with 1 pct moisture. 


t Upper, Middle, and Lower Cedar Grove beds. 
§ Acceptable high volatile Pittsburgh district coals. 


those from Pennsylvania and West Virginia. Of the 
numerous coal beds in these two states, 18 of the 
more important beds have been selected for dis- 
cussion. These beds, listed stratigraphically in Table 
I, are grouped in two general classifications. It is 
recognized that such a broad classification is not 
unique and that some overlapping in properties must 
exist. The Upper and Lower Freeport, Lower Kit- 
tanning, and Sewell beds are included in both lists 
because each has important reserves under each 
classification. 

Coking and Expanding Properties: Table II sum- 
marizes ranges in the coking and expanding prop- 
erties of the more important beds of the Pittsburgh 
district. Because all tests were made under similar 
conditions, these carbonization data afford a con- 
venient method of ranking the general coking prop- 
erties of one coal bed relative to another. However, 
since there is a marked difference in scale between 
the BM-AGA unit and industrial ovens, and as quan- 
titative correlations between these units are un- 
available, it is difficult to set arbitrary limits within 
which coals will be suitable for industrial use. As 
it appeared impossible to obtain quantitative cor- 
relation between pilot-scale and full-scale oven tests 
over the wide range in coke properties obtained in 
this survey, it was desirable to establish reference 
values at which laboratory and industrial results 
could be compared. To furnish these values, 20 
high-volatile A coals from all parts of the Appala- 
chian region known to have been coked commercially 
were tested in the BM-AGA apparatus under the 
same conditions prevailing in the survey test. Table 
II presents ranges in test results for the 11 Pennsyl- 
vania and West Virginia coals included in this group. 

It will be noted that coking properties of the 58 
high volatile A coals tested in this investigation 
differed widely. Although low minimum coke- 
strength indexes were obtained for those beds repre- 
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sented in part by samples containing less than 60 
pet dry fixed carbon free of mineral matter, the more 
typical coals from all beds yielded coke of similar 
physical properties when compared at the same fixed 
carbon content. 

Most Pittsburgh district high volatile coals yield 
cokes with strength indexes within the ranges shown 
for acceptable metallurgical coals of similar rank. 
Some of the coals rank lower than any of the 11 ac- 
ceptable coals because they contain less than 60.9 
pet* dry, mineral-matter-free fixed carbon, the mini- 


* The value 60.9 is not necessarily the lowest limit for all high 
volatile coals acceptable for metallurgical use; it represents the 
lowest value for acceptable coals tested by the BM-AGA method. 


mum for the acceptable coals, and it is largely these 
lower ranking coals that yield relatively weak cokes. 
With four exceptions, all coals, including those con- 
taining less than 60.9 pct fixed carbon, yielded cokes 
with shatter indexes higher than the minimum (68) 
for acceptable coals. As measured by the 1-in. 
tumbler index, coke stabilities of 14 coals were 
lower than the acceptable minimum (32), but only 
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Fig. 1—Effect of coal rank on coke hardness (%4-in. tumbler 
index) for Pittsburgh district coals. 
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6 of these contained more than 60.9 pct dry, mineral- 
matter-free fixed carbon. As measured by the 4-in. 
tumbler index, the coke hardness of 20 high volatile 
coals was lower than the acceptable minimum (58); 
however, 8 of these contained less than 60.9 pct 
fixed carbon, and 7 other samples contained more 
than 9 pet ash. It is apparent, therefore, that if they 
are not high in ash, Pennsylvania and West Vir- 
ginia high volatile coals containing more than 60.9 
pet fixed carbon on the dry, mineral-matter-free 
basis yield cokes as strong as the average acceptable 
metallurgical coal of similar rank. 

Medium volatile and low volatile coals yield 
stronger cokes than are obtained from high volatile 
A coals, and Table II shows that the ranges in their 
coke strength indexes are smaller. Generally the 
physical properties of coke from single coals of these 
higher ranks are of minor importance because they 
expand too much to carbonize safely in modern com- 
mercial ovens. Hence they are usually carbonized 
as blends with contracting high volatile coals. USBM 
investigations have shown that the blending proper- 
ties of high rank coals are not closely related to 
their individual coke-making properties. 

Relation of Coking Properties to Coal Rank: From 
Table II it is apparent that few data are available 
for most of the coal beds of interest, and even for 
such beds as the Pittsburgh, Freeport, and Kittan- 
ning the samples were obtained from widely sepa- 
rated locations. It is of interest, therefore, to obtain 
an estimate of the usefulness of available data in 
predicting the coking properties of coals from areas 
where actual tests have not been made. Although 
correlations between carbonizing properties and lab- 
oratory-scale analyses have been proposed,*® the 
data scatter more than can be accounted for by test 
precision,” ‘ probably because the coking properties 
depend on geologic factors not adequately described 
by chemical analyses and rank. USBM work has 
been directed, therefore, to accumulation of data on 
given beds for which it is reasonable to assume that 
the deposition of material and coalification process 
took place under similar conditions. To date this 
study is incomplete, but some promising results 
have been obtained. As shown in Table II, 20 sam- 
ples of coal from the Freeport beds have been tested, 
10 from the Pittsburgh bed, and 10 from the Lower 
Kittanning (No. 5 block). Data now available for 
each of these beds are plotted in Figs. 1 and 2. 
The Freeport coals cover the fixed carbon range 58.7 
to 78.6; the Kittanning, 58.1 to 79.9 and the Pitts- 
burgh, 53.3 to 63.6. Apparently the relationship of 
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Fig. 3—Effect of blending 20 pct low yolatile coal (Poca- 
hontas No. 3 and Beckley) with high volatile coals on coke 
stability (1-in. tumbler index). 


both coke hardness and stability with fixed carbon 
for any one series of data is good, and the lines 
shown afford a reasonable basis for predicting these 
indexes. Furthermore, the Kittanning coals ap- 
parently give slightly weaker cokes than those from 
the Freeport beds when they are compared at the 
same fixed carbon content. The average ash con- 
tent of these Kittanning and Freeport coals (8.5 and 
8.1 pet respectively) are too similar to account for 
the observed differences in coke strength. Although 
the reasons for these differences are not clear they 
probably arise from variations in molecular struc- 
ture caused either by dissimilar species from which 
the coal substance was formed or by varying chem- 
ical action occurring during coalification. Fig. 1 
shows that for both the Freeport and Kittanning 
coals the coke hardness is virtually independent of 
fixed carbon content in the 60 to 80 pct range. The 
relative constancy of the hardness index (60 to 65) 
that has been noted for the vast majority of coals 
from the Appalachian field indicates that for such 
coals the %4-in. tumbler index is not a sensitive 
measure of the change in coal rank. It is evident 
that the stability index is more dependent on proxi- 
mate analysis than is coke hardness. Coke stability 
is quite dependent on fixed carbon in the range of 
60 to 74 pet, becoming less dependent as the rank is 
increased. Both curves show a plateau effect at the 
higher ranks, which is in accord with most coal 
properties. 

Figs. 1 and 2 may be used to estimate the coking 
quality of Freeport and Kittanning seam coals 
within the range of scatter represented. For about 
90 pet of the coals tested, coke hardness can be 
estimated within +10 pct of the true value and coke 
stability within +15 pet. Although it would be de- 
sirable to reduce these ranges, it should be noted 
that most engineering approximations have about 
the same margin of error. 

The other beds of the Pittsburgh district have not 
been included in Figs. 1 and 2 because the number 
of coal samples from each were too limited to es- 
tablish definite trends. For example, only three. 
samples from the Chilton bed have been tested to 
date, and these gave %4-in. tumbler indexes of 59, 
60, and 66, at fixed carbon contents of 63.0, 62.6, and 
62.1 pct, respectively. The high value of coke hard- 
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No. 3 and Beckley) with high volatile coals on coke hardness 
(Y%4-in. tumbler index). 


ness was obtained from tests made in the early 
1930’s on coal from Logan County, W. Va., whereas 
the other two values were obtained in recent years 
on samples from Wyoming County, W. Va. At pre- 
sent it is difficult to determine whether these varia- 
tions are caused by changes in procedure or by basic 
differences in coking properties of the coals. As 
more data are obtained by beds over a relatively 
wide range in coal rank, these differences should be 
more clearly explained. 

Meanwhile an approximation for coals whose cok- 
ing properties are unknown may be obtained by 
extending through the available data curves with 
the same general shape as those shown in Figs. 1 
and 2. 

Effect of Blending on Coke Properties: In selection 
of coals for metallurgical use, as much attention is 
given to their blending properties as to their in- 
dividual carbonizing behavior. Figs. 3 and 4 show 
the effect of blending various high volatile Pitts- 
burgh district coals with both low volatile Poca- 
hontas No. 3 and low volatile Beckley coals. The dry, 
mineral-matter-free fixed carbon content of the 
Pocahontas No. 3 coal ranged from 81.7 to 82.6 pct; 
that in the Beckley coal was 81.3 pct. The high 
volatile coals containing 59.9 to 67.7 pct dry, min- 
eral-matter-free fixed carbon content include sam- 
ples from all beds listed in Table I except Chilton, 
and although these figures were prepared for addi- 
tions of 20 pct low volatile coal, similar relations 
hold for 30 pet or more. In addition to the range 
covered, a few data were available at fixed carbon 
contents below 57 pct, but they were not included 
for the following reasons: 1) it is doubtful that 
coals of this low fixed-carbon content would be used 
in binary blends with such low addition of low 
volatile coal; 2) the cokes yielded by these 100 pct 
high volatile coals were generally so weak that pre- 
cision of the coke tests was poor; and 3) owing in 
part to lack of reliable indexes for the high volatile 
coals, the improvement in coke quality on addition 
of 20 pet low volatile coals was erratic. 

Figs. 3 and 4 show that a reasonably close corre- 
lation exists between the coke tumbler indexes for 
the individual high volatile coals and their binary 
blends with both Pocahontas and Beckley low vola- 
tile coals. These data indicate 1) that coke stability 
is more affected by blending than coke hardness* 


* A similar observation is noted in the discussion of Figs. 1 and 2. 


and 2) that both factors are improved more for the 


TRANSACTIONS AIME 


| | | | | e 
| | 
Appalachian Region coals' | lo | 
-| © Pittsburgh District coals ' - 
| e | | | | 
a | 
| 
n 
| 
| | | 
a 
| | 
| | | 
° | | | 
| 
A | 
-12 | | 
—28 —24 —20 -16 =12 -8 -4 0 4 


EXPANSION OF HIGH-VOLATILE-A COALS, PERCENT 


Fig. 5—Effect of blending 20 pct low volatile Pocahontas No. 
3 coal with various high volatile coals on coal expansion. 


cokes from weakly coking coals than for those from 
the strongly coking coals. For example, the addition 
of 20 pct low volatile coal to a high volatile coal 
yielding coke with a 1-in. tumbler index of 25 in- 
creases the stability index by 40 pct; when the 1-in. 
tumbler index is 50, improvement is less than 10 pct. 
Similarly with the %4-in. tumbler index, the poorer 
coking coals are benefited most. For example, a 
Y%-in. tumbler index of 50 is increased 10 pct by 
blending the high volatile coal with 20 pct of either 
low volatile Pocahontas No. 3 or Beckley; a %4-in. 
tumbler index of 65 is increased about 3 pct by such 
blending. Furthermore, for cokes with tumbler in- 
dexes approaching those for low volatile coals the 
slope of the curves approaches unity, so that the 
coke-strength indexes are not improved by addition 
of low volatile coal. 


Although the discussion thus far has been confined 
to blends of high and low volatile coals, additional 
tests have shown that coals high in the medium 
volatile rank impart coking strength to blends fully 
as well as low volatile coals. In blending medium 
volatile coals low in that classification, larger pro- 
portions normally are required to obtain coking 
properties comparable to those of low volatile 
blends. As the proportions of medium and low 
volatile coals used in blending are limited by their 
expanding properties, the expansion of these coals 
is an important factor in their carbonization. 


Expanding Properties: As anticipated for a region 
in which the coals rank as high, medium, and low 
volatile bituminous, Pittsburgh district coals, both 
individually and collectively, vary greatly in ex- 
panding properties. For example, the Upper and 
Lower Freeport, Upper and Lower Kittanning, and 
Sewell beds, which extend over large areas and 
range widely in fixed carbon content, yield both 
contracting and expanding coals. Table II shows 
ranges in percent expansion as follows: Upper Free- 
port, —21.4 to 18.6; Lower Kittanning, —31.6 to 13.7; 
Lower Freeport, —19.3 to 21.8; and Sewell, —11.3 to 
26.1. These ranges* should be considered as typical 


* Apply to those samples tested in both the BM-AGA unit and 
the sole-heated expansion oven. 


and not as representative of maximum values ob- 
tained in USBM tests for these beds. Although the 
range in expansion for the Pittsburgh bed is narrow 
for a bed so extensive, the values would undoubtedly 
spread much more if the samples included some 
from Maryland, where the bed contains high-rank- 
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ing coals, and western Washington County, Pa., or 
eastern Ohio, where it ranks lower. 

Expansion properties of coals in a single bed are 
not so well correlated with rank as are the coke- 
making properties of the coals, and the expansion 
data appear to be influenced by coal properties that 
are relatively unimportant in determining coke 
quality. Although previous work* has shown that 
coal expansion is related to the dry, mineral-matter- 
free fixed carbon content, with a correlation coeffi- 
cient of 0.83 the relation is not sufficiently quanti- 
tative to permit accurate estimation of the expand- 
ing properties of coals from this simple relation. At 
present, if accurate expanding properties of coals 
are desired, it is necessary to make expansion tests. 
The data of Table II should be useful in giving the 
expansion range expected for coals from the beds 
listed. In general coals containing less than 68 pct 
mineral-matter-free fixed carbon contract, and their 
expansion increases with increased rank. However, 
such generalizations are not quantitative, and ex- 
ceptions are notable. 

Although the expansion properties of coals are 
not as yet quantitatively predictable from their rank 
and chemical analysis, expansion properties of 
blends of certain high and low volatile coals can be 
estimated closely from the known expansion of the 
high volatile coals. This is shown in Fig. 5, in 
which all the high volatile coals are Appalachian 
coals containing 56.7 to 68.4 pct dry, mineral- 
matter-free fixed carbon. The solid points represent 
beds outside the Pittsburgh district; the open circles 
represent Alma, Pittsburgh, Lower Freeport, Cedar 
Grove, Winifrede, and Campbell’s Creek coals rang- 
ing from 60.5 to 67.7 pct fixed carbon content. Coals 
from areas outside the Pittsburgh district were in- 
cluded to establish the shape of the curve more ac- 
curately than would otherwise be possible. It is 
evident that if the expansion properties of the high 
volatile coals are known the expansion of their 
blends with 20 pct low volatile Pocahontas No. 3 
coal can be predicted with reasonable accuracy. The 
Pocahontas No. 3 coals ranged from 81.7 to 82.6 pct 
in dry, mineral-matter-free fixed carbon. Fig. 5 
shows that, in general, blends containing 20 pct 
Pocahontas No. 3 are either neutral or contracting 
if the high volatile component contracts more than 
9 pct, and under most conditions such blends could 
be carbonized safely in commercial ovens. Similarly, 
high volatile coals that contract less than 9 pct are 
liable to expand dangerously when so blended. It 
should not be inferred that delineation between safe 
and dangerous coals is sharp, because overlapping 
does occur, Owing in part to the different operating 
conditions on the plant scale. Expansion data in this 
report are referred to a common dry-coal bulk den- 


sity of 54.5 lb per cu ft, which is higher than normal 
in commercial practice, and since the expansion 1n 
the sole-heated oven varies linearly with bulk 
density® and is an e function of bulk density in slot- 
type ovens,”” lower bulk density is conducive to 
greater safety in operations. The data of Fig. 5 
should be used as a guide to anticipated expansion 
problems when coal blends are changed rather than 
as a quantitaitve measure of the safety with which 
such blends can be used. Plots of this type will prob- 
ably find their chief application in comparisons of 
the expansion characteristics of new coals with 
those whose expansion is known. These plots may be 
used as first approximations regarding the substitu- 
tion of an untried coal for one that has been used 
successfully in commercial plants. 


Conclusions 


1) High volatile coals from the Pittsburgh, Up- 
per and Lower Freeport, Upper and Lower Kittan- 
ning, Winifrede, Chilton, Cedar Grove, Alma, No. 2 
Gas, Eagle, and Sewell beds are suitable metallur- 
gical coals if they contain more than 60 pct dry, 
mineral-matter-free fixed carbon and are not high 
in ash and sulfur. 

2) Medium and low volatile coals from the Up- 
per and Lower Freeport, Upper and Lower Kittan- 
ning, Bakerstown, Eagle, Sewell, Beckley, Fire 
Creek, and Pocahontas Nos. 3, 4, and 6 are good 
blending coals even though they vary greatly in 
expanding properties. 

3) Coke tumbler stability and hardness are re- 
lated to the proximate analysis of the coal and form 
a reasonable basis for predicting the strength of 
cokes from Pittsburgh, Upper and Lower Freeport, 
and Upper and Lower Kittanning coals. Coke hard- 
ness is virtually independent of fixed carbon content 
in the range of 60 to 80 pct, whereas coke stability 
is more closely related. In general, Kittanning coals 
yield slightly weaker cokes than Freeport coals when 
compared at the same fixed carbon content. 


4) The tumbler indexes of cokes made from 
single high volatile coals correlate well with those 
of cokes from their binary blends containing 20 pct 
Pocahontas or Beckley low volatile coals. 

5) Although the expanding property of high 
volatile coals is not closely correlated with rank, the 
expansion of their blends with Pocahontas No. 3 
low volatile coal can be closely estimated from the 
expansion of high volatile components. 

6) In general, blends containing 20 pct Pocahon- 
tas No. 3 coal contract or are neutral if the high 
volatile component contracts more than 9 pct; they 
expand if the high volatile component contracts less 
than 9 pct. 
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The Daniel C. Jackling Lecture 


An annual invitation address by 
an outstanding man in mining, 
geology, or geophysics who has 
contributed significantly to the 


progress of technology in these 
fields. 


THE PRESENTATION 


by Jan Campbell 


T is a somewhat curious circumstance that the 

newest of the Institute’s several awards should 
be conferred in the oldest of our several professional 
fields—for there is little question that geology and 
mining have antedated metallurgy and petroleum. 
Perhaps so did geophysics. After all, one geophysical 
instrument, the magnetic compass, has been success- 
fully employed for many centuries. 

Young in years the Jackling Award may be, but 
in distinction—whether in terms of the title it bears 
or in terms of the first three medalists (Reno Sales, 
E. D. Gardner, and the late Father Macelwane) —the 
Jackling Award is already one of the ranking awards 
of the Institute. The name of the 1957 medalist will 
bring added luster to an already illustrious roll. 

J. L. Gillson was born and brought up in Evan- 
ston, Ill., in an area characterized by singularly flat 
and uninspiring topography, and devoid of ore de- 
posits and even of bedrock—a most unlikely envi- 
ronment from which to expect a future Jackling 
medalist to emerge! On graduating from high school 
he enrolled as a chemistry major at Northwestern 
University. At the end of his freshman year his 
scholastic prowess had won him a prize of two chem- 
istry books. But these went unread, for about this 
time he came under the spell of U. S. Grant, that 
distinguished and enthusiastic geologist who for 
many years was head of Northwestern’s geology de- 
partment. From thence forward Joe was a dedicated 
geologist. After a Navy interlude in World War I, 
he went to MIT for graduate work, substituted for 
the late Professor Palache for one year at Harvard in 
mineralogy, received his doctorate at MIT and stayed 
on as a member of the MIT faculty, where the geol- 
ogy department was headed by that great dean of 
all economic geologists, Waldemar Lindgren. In 1926 
Joe spent a summer looking into barite deposits for 
the du Pont Co., and since 1928 he has been du 
Pont’s chief geologist. 

Do men who lead such active lives in our explora- 
tion organizations generally have permission to pub- 
lish their observations? Do they generally find time 
to publish, even if they have permission? Alas, no. 
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THE LECTURER 


J. L. Gillson 


But in Joe Gillson’s case, yes. His bibliography runs 
to well over two score papers, including one of the 
very first papers in this country on the applications 
of petrography to problems of Portland cement. He 
has written on such topics as the origin of tale and 
the genesis of ilmenite, fluorspar, and alkaline rocks. 
Each year for a number of years his annual reviews 
of industrial minerals in the Mining Congress Jour- 
nal have been eagerly awaited. 


Do men who do so much to advance their science 
have anything left to give to the advancement of 
their profession? In Joe Gillson’s case, yes. He has 
been a vice president of the Mineralogical Society of 
America and has been active in the councils of the 
Society of Economic Geology, particularly in their 
research programs. This year he is president of the 
American Geological Institute, currently perhaps 
the most challenging post to which a geologist may 
be elected. His contributions to AIME scarcely need 
documentation, so I shall mention only three—his 
chairmanship of the Committee on Democratization 
of the Institute, a committee whose work and recom- 
mendations brought a new and hopeful leaven to 
AIME at a time when this was sorely needed; his 
chairmanship, a few years ago, of the Industrial 
Minerals Division; and his current place on the 
Board of Directors as Vice President of the Institute. 


Such a catalogue of contributions and achieve- 
ment, even as condensed as I have had to make it, 
certainly merits the Jackling Award. Yet, implicit 
although not often expressed in the conferring of 
most awards is the hope that besides recognizing a 
distinguished career, it will provide stimulus for 
further effort. In the present instance, such an ex- 
pectation is already well on the way to fulfillment. 
Only recently Joe Gillson has undertaken the editor- 
ship of a new and greatly revised edition of the 
Institute’s Seeley Mudd volume, Industrial Minerals 
and Rocks. 


And so, Mr. Chairman, it is with pleasure and 
enthusiasm that I present Dr. J. L. Gillson for the 
1957 Jackling Award. 
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The 1957 Jackling Lecture 


by Joseph L. Gillson 


OUR speaker has long sought an opportunity 

to review the many differences between the 
subject matter called economic geology and the 
duties of a practicing economic geologist. As the 
subject was taught in my student days, professors 
teaching courses in economic geology paid little at- 
tention to what we now call industrial minerals. 
Certainly they were not concerned with problems 
involving production and marketing, but only with 
the origin of such mineral deposits as the Stassfurt 
potash deposits; with other evaporites, such as salt, 
gypsum, and Chilean nitrate; with the possible 
modes of formation of sulfur in salt domes; and the 
causes of asbestiform mineralization. Of course, 
much time and thought was given to the mineral 
identification and sequence of deposition of the 
minerals in pegmatites. The fact that such deposits 
actually produced commercial feldspar, mica, beryl, 
and lithium minerals for sale in industry was of 
minor importance. 

These observations lead us to pause to inquire, 
perhaps facetiously, what is and what is not to be 
included in the science of economic geology? 

In Professor Waldemar Lindgren’s courses in the 
early 1920’s, the subject matter of economic geology 
was limited almost exclusively to a study of ores 
from the principal metal mines of the world, mostly 
by polished section methods. The ultimate goal of 
our studies was to work out the paragenesis (i.e., 
the mineral sequence of deposition) and nothing 
else seemed to matter very much. As an aside, it 
may be mentioned that in that era, the most profit- 
able consulting work open to economic geologists 
was acting as an expert witness in a court case, tes- 
tifying as to what was, and what was not, a vein. 

As a long-time reader of the publication Eco- 
nomic Geology (my bound volumes go back to 1913) 
and as a Councilor of the Society for two terms, and 
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Geologist 
Looks 


Industrial Minerals 


once its Vice-President, I have sought for definition 
of the science of economic geology from noting the 
subject matter of articles published in that journal. 
We might note, parenthetically, that the Council of 
the Society has no authority over, nor any direction 
of, the editorial policy of the journal. With a few 
outstanding exceptions, the articles accepted for 
publication have been concerned primarily with 
descriptions of the general geology and the genesis 
of mineral deposits and studies of ore minerals and 
ore solutions. Only about 15 pct of the leading arti- 
cles have been concerned with nonmetallics, and this 
15 pct includes many articles on ground water. We 
will inquire later in this analysis whether ground 
water is an industrial mineral. It is, of course, un- 
necessary to mention that, within the limitations of 
the subject matter, the articles are excellent. 

I have thumbed through volumes of the journal, 
seeking in vain for a discussion of costs of produc- 
tion; or of preparation of concentrates to meet speci- 
fications for particular markets; or of the importance 
—to the overall economics—of location, routes and 
means of transport, political control, taxes, and per- 
centage depletion. These subjects, apparently, are 
not the concern of the economic geologist. If man- 
agement has to hire others who can look into those 
questions, it is no wonder that the fee or salary paid 
to the geologist is moderate. 

Since I studied my economic geology in ore de- 
posits under Professor Lindgren, you may ask why 
and how I became interested in the nonmetallic field. 
One day, while on the staff at Massachsetts Insti- 
tute of Technology with the title of Assistant Pro- 
fessor of Mineralogy and Petrology, I asked Profes- 
sor Lindgren if I might teach a course in nonmetal- 
lics. His favorable reply certainly made a turning 
point in my career. During the next several years I 
had to make the attempt to keep one jump ahead of 
some very bright students, in preparing lectures on 
the 50 subjects in the broad field of nonmetallics. 

In 1926 an executive in du Pont Co. turned to his 
Alma Mater to find someone to examine barytes de- 
posits in the South. Because of my then vast (?) ex- 
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perience in the field of industrial minerals, Professor 
Lindgren turned the letter over to me, and that 
started an association which has now lasted over 30 
years. Summer work examining barytes deposits in 
the South and reviewing sulfur production on the 
Gulf Coast led to full-time employment beginning in 
1928. In about 1929 du Pont invested in the titanium 
pigment business, and this started me on a world- 
wide study of ilmenite deposits. In 1932 du Pont be- 
gan making fluorinated hydrocarbons, and _ this 
added the second mineral field to which I have de- 
voted a great deal of time—fluorspar. 


Credit for my broad interest in industrial minerals 
must also go to some of the oldtimers in the Indus- 
trial Minerals Division of the AIME, especially Pro- 
fessor Benjamin Miller of Lehigh at the time he was 
chairman of the Division, and Jack Thoenen, Frank 
Hess, Oliver Ralston, and Oliver Bowles of the U. S. 
Bureau of Mines, as well as to many others. 


Many years of professional work for a very 
dollar-minded employer led me to the conclusion that 
paragensis of ore minerals and the theory of origin of 
mineral deposits are only a part of the actual prob- 
lems connected with the occurrence, production, 
beneficiation, and marketing of industrial minerals. 
However, not to discourage those who have an en- 
thusiastic interest in the technical problems of 
geology from entering the field of industrial min- 
erals, one example can be cited to show that in such 
professional work there is still room for applying 
geological knowledge and theory. This example is 
the study of the fluorspar deposits at Encantada and 
Buena Vista in northern Coahuila, Mexico, which 
were discovered in 1951. Early work by Mexican 
gambosinos in 1952, which opened up the most 
obvious and most accessible pods of ore, indicated an 
apparent lack of any depth or continuity to the de- 
posits, which are of the bedded replacement type. 
After drilling 50 dry holes into the underlying lime- 
stone, one American geologist working in the area 
came to the conclusion that the fluorspar in that dis- 
trict is of very recent age and had formed only at 
the present surface. He so expressed himself in a 
paper presented before a meeting of this Institute 
in El Paso. My studies satisfied me that the fluorspar 
deposits were mesothermal, and probably Miocene 
in age, and that the replacement was reasonably 
continuous within the single horizon of the thin Del 
Rio shale. The isolated and discontinuous pockets in 
the underlying limestone were found where the 
fluorine-bearing solutions had leaked downward 
and locally had filled cracks and old solution cavi- 
ties in the Edwards limestone, which had been 
weathered and leached before Del Rio time. There 
are many hectares in the ore-bearing zone, where 
the soft and easily eroded Del Rio shale, with its 
fairly continuous bed of spar, had been eroded off 
the massive Edwards limestone. Hence all that re- 
mained in these areas of the original fluorspar de- 
position was found in these isolated and discon- 
tinuous pockets in the old solution cavities. I sought 
areas where the geological section was complete 
from the Edwards up past the Del Rio and the over- 
lying Buda, and into the upper Cretaceous Eagle 
Ford, and claims were acquired in some of these 
areas. By the end of 1956 many of the neighboring 
Mexican workings had gone into the side hill and 
continued within the Del Rio shale until they con- 
nected through with workings on the other side of 
the same hill, proving the correctness and interpre- 
tation of age and genesis. 


TRANSACTIONS AIME 


My professional work has taken me to a number 
of foreign countries and has taught the necessity of 
becoming familiar with the politics and economics 
of a foreign land. I have always found these sub- 
jects interesting, sometimes amusing, and often 
frustrating. 

I had to learn a great deal about the political 
situation in India, when du Pont began in 1930 to 
depend entirely on that country for its supplies of 
ilmenite. There the mineral occurs as a marine 
placer on beaches along the Malabar coast in what 
was then the native state of Travancore. This was 
then ruled by a young Maharajah with a great deal 
of pomp and ceremony and parading of elephants 
and sacred cows. Before the second World War, 
however, the English were still in a strong, although 
supervisory position, and an English company could 
operate with a minimum of interference. During the 
second World War, the English were forced to put a 
number of the local politicians in jail because of 
pro-Japanese activities. These gentlemen gained 
their freedom in 1945 and were full of energy and 
ideas, but woefully short of practical experience in 
government. They nationalized the industry, ex- 
pelled the English companies, and put their political 
henchmen in control with you-know-what results. 
I attended a meeting in June 1948 in the hot and 
stuffy Room of State in the city of Trivandrum, cap- 
ital of Travancore, and attempted to explain to the 
ministers that if their shipments of ilmenite became 
undependable, the U. S. consumers would turn to 
other sources of supply. The big deposit of ilmenite- 
hematite in anorthosite, at Allard Lake in eastern 
Quebec, was then under development by the Que- 
bec Iron and Titanium Co., and the dredging opera- 
tion on the middle Pleistocene sand spit, called 
Trail Ridge, in north central Florida, was just going 
into production. The only reaction to my pleas was 
that my arguments were just sales talk. Now, eight 
years later, titanium mineral production in the U. S. 
and Canada has grown to huge figures, while the 
Indian production from its rich beaches, which could 
be operated very cheaply, has declined. Who has 
suffered? It possibly is unnecessary to include the 
comment that we taxpayers in the U. S. have to 
support loans and grants to India to develop their 
industries. 

I am now just returned from Brazil, a country 
with tremendous resources of minerals. While there 
I had two half days of field work, the rest of the 
time being devoted to studying and inquiring into 
the possibilities of an American company trying to 
produce minerals in Brazil. 

With this philosophical introduction, let us turn 
now to a review of the industrial minerals and as- 
semble some facts and figures that may permit us to 
understand something about the very magnitude 
of the whole field and to learn some interesting bits 
of information that have made the subject so stimu- 
lating. 

There are about 50 principal industrial mineral 
subjects covered in the AIME volume Industrial 
Minerals and Rocks, of which a new edition is now 
in preparation. The dollar value of these numerous 
products (listed except for cement and lime as 
crude or only partially manufactured products) is 
shown here in Table I, for both 1952 and 1954, to- 
gether with several metals of large volume. It was 
necessary to include 1952 for comparison, since 1954 
was a poor year for iron, lead, and zinc, and the 
comparison of metals and nonmetals for 1954 only 
would not have been typical. Note that uranium 
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ores are not included in the figures for metals. Note 
also the great increase in the value of the produc- 
tion of industrial minerals from 1952 to 1954. 

These figures show that in 1954, excluding fuels, 
the largest single unit in the mining industry— 
covering just crude ores and rocks—was crushed 
stone, and these figures for stone did not include the 
stone used for the manufacture of ime and cement. 
Sand and gravel exceeded copper in value in 1954, 
and sulfur, lime and clay products exceeded $100 
million in 1954, whereas lead and zinc are the only 
other metal industries to exceed that figure in the 
good year of 1952. 

Of course, the production of uranium ores is very 
large, and probably now exceeds a value of $500 
million, and the omission of figures for uranium 
reduces the gross of the metal industry. Some may 
question also whether cement belongs in the tabu- 
lation, since it is a manufactured product, as is hme, 
and these products inflate the gross of the industrial 
minerals industry. However, the degree of manu- 
facture for lime and cement is no greater than the 
amount of manufacture accomplished in producing 
lead, copper and zine pigs and spelter from crude 
ores. The gross figures used for those metals are ob- 
tained by multiplying the pounds of recoverable 
metal in the ores by the average annual price of 
the metal produced and sold. 

The subject of sand and gravel and crushed stone 
and aggregates has always been a challenging one 
to me because of the very magnitude of the physi- 
cal volume, but it has always given me the most 
trouble in describing the production and marketing 
aspects to an audience in a manner that can arouse 
and hold its interest. The editors of the Mining 
Congress Journal have extended the privilege to 
me for the last several years of writing the annual 
review of industrial minerals (excluding some sub- 
jects) which is published in their February num- 
ber. I know a number of the producers of sand and 
gravel and of crushed stone personally, particularly 
in the East and Southeast, and I can assure you that 
many of these companies are big business. Questions 
directed to their managements for news items to 
include in the annual review elicits such replies as 
“Oh, we bought six new barges, or perhaps 10 new 
Euclid trucks.” They feel pleased when they can re- 
port that they stayed in the black in spite of steadily 
rising labor and equipment costs, because the sell- 
ing price of their products has risen very little, if 
at all, during the last few years. 

To make such news items interesting, I have 
turned to the pages of the Engineering News Record 


Table |. Mineral Production in Continental U. S. 
Total Value in Thousands of Dollars 


Metals 1952 1954 
Iron ore $590,346 $525,416 
Copper 447,882 492,927 
Lead 125,631 89,165 
Zinc 222,981 102,180 

Total $1,611,000 $1,506,000 


Nonmetals 


Sand and gravel 344,568 496,672 
Crushed stone 461,064 602,037 
Cement 637,746 763,413 
Clay 122,385 124,856 
Lime 94,795 101,273 
Phosphate 68,120 86,669 
Potash 53,754 71,819 
Sulfur 110,925 142,014 

Total $2,156,000 $2,718,000 


Figures supplied by U. S. Bureau of Mines. 
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for statistics on the number of big dams building, 
the number of major bridges under construction, 
and the volume of public and private construction, 
since in these figures we can measure what those 
hard-working, cost-paring quarry and pit operators 
have been doing during the year. The President’s 
highway construction bill of 1956 was certainly 
one of the major acts in American history which 
will stimulate the business in the pits and quarries. 
It is estimated that in 1957 $5.9 billion will be 
spent on roads of all types and by all agencies, a 
figure which compares with $4.9 billion in 1956 and 
$4.3 billion in 1955. Early in 1956 there were 69 
major dam, lock, levee and flood control projects 
under construction, and later in the year this volume 
was increased by authorization of such major proj- 
ects as the big dams at Glen Canyon, Flaming 
Gorge, and Priest Rapids. Ten major highway 
bridges were under construction and three were 
finished in 1956. The Indiana and Kansas turnpikes 
were finished, and every major city was reaming out 
traffic bottlenecks. Many major water development 
projects were being pushed, such as New York 
City’s 44-mile tunnel to tap the Delaware River, 
and Baltimore’s Petapsco and Susquehanna projects. 
Grandest of all, California’s $1.2 billion Feather 
River project was finally getting off the ground. 

It has seemed to me that reminding the American 
public—many segments of which see only the little 
local job in their own communities of widening 
Main Street—of the tremendous surge of vital en- 
ergy on the American scene gives a better picture 
of the activities of our pit and quarry industry than 
a mere listing of new trucks bought, dredges build- 
ing, or even of tons of products shipped. 

The clay products industry is another difficult 
one, because it includes the low valued products of 
large volume, such as sewer pipe, tile, and brick. 
These are based on neighborhood clay pits, and most 
are manufactured by small local companies. The in- 
dustry includes also refractory, ball and china clays 
requiring strict specifications in their preparation. 
Many facets of this industry are exceedingly tech- 
nical and require large resources in capital and 
skilled man power. The science of geology and min- 
eralogy of the clays and clay deposits is certainly 
one of the most scholarly of the entire nonmetallic 
field and requires the most specialization. 

The industrial mineral subjects of intermediate 
volume and dollar volume include sulfur, the fer- 
tilizer materials, phosphate, potash, nitrate (the 
latter is mainly a branch of the chemical industry), 
borax and borates, salt, gypsum, ilmenite, barytes, 
fluorspar, and asbestos. The geology and production 
problems of this list are too diverse to allow tabula- 
tion and description here, but a few outstanding de- 
velopments may be mentioned. 

Within a few miles of New Orleans are some of 
the operations for production of that most basic of 
chemical raw materials—sulfur. We will have an 
opportunity here today to hear from a vice president 
of one of the producing companies, and some of you 
may visit a plant on a field trip later in the week. 
Twelve miles out in the ocean from the shore of the 
Mississippi delta a big salt dome has been found re- 
cently by geophysical exploration. Drilling has 
shown that it contains a major sulfur deposit— most 
welcome news to those who remember the 1952 
shortage all too vividly. Another dome is on land, if 
you can call a swamp 2 ft above tide land. You who ~ 
know some chemical engineering can appreciate the 
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marvelous accomplishment of the engineers when 
they learned to steam the sulfur out of salt domes 
with superheated salt water. Now that the occur- 
rence of sulfur in salt domes is fairly well under- 
stood, exploration and development for sulfur is in 
the hand of the geophysicist, the engineer skilled in 
oil well drilling, and the chemical engineer. 

We can look briefly, moreover, at some other in- 
dustrial minerals in the list of those of intermediate 
volume, to note some outstanding recent develop- 
ments and achievements. The common borate min- 
erals, after a century in the kitchen and laundry, 
have suddenly blossomed as the raw materials for 
a whole new field of chemical development—that of 
the boranes. Three major chemical companies have 
established very large new laboratories in which ex- 
tensive research programs in this new field are be- 
ing undertaken. To quote Business Week for Oct. 20, 
1956, boron compounds are poised for a burst into 
exciting new uses in glass, glazes, flame-proofing 
agents, enamels, adhesives, resins, abrasives, and 
most glamorous of all, rocket fuels. 

Because of my long association with the fluorspar 
industry, it is natural that I turn to it as an example 
of an industrial mineral, the growth of which comes 
from the activities of research chemists and metal- 
lurgists. Fluorspar is a little known work horse. 
For every ton of steel produced by the basic open 
hearth process, 6 lb of fluorspar are required, and 
for every ton of aluminum, 120 lb. However, it is the 
chemical industry that is finding the largest new 
uses for this mineral. This room in which we are 
gathered, like hundreds of thousands of other rooms 
in the U. S., is air conditioned—how? By using a 
fluorine compound. When a liquid evaporates, it ab- 
sorbs heat (1.e., cools its surroundings) and the re- 
sultant gas can be reliquified by compression. A re- 
frigerant is a chemical that boils, that is evaporated, 
at a temperature convenient to the level desired— 
moderate for air conditioning, low for deep freezing 
—and can also be reliquified at modest pressures. It 
must be safe to handle—nontoxic and nonflammable. 
The only chemicals to find acceptance in these lim- 
ited specifications are fluorinated hydrocarbons, of 
which the most widely used is dichlor-difluor meth- 
ane (C CLF). Now, except for the large commercial 
ice plants, which still use ammonia as the refriger- 
ant, and the gas refrigerators used where electricity 
is not available, such as Electrolux, which function 
because of the absorption of hydrogen in ammonia 
with absorption of heat, every air conditioner and 
refrigerator uses these fluorinated hydrocarbons. 

This year 150 to 200 million aerosol bombs will be 
used for insect sprays (bug bombs), fire extinguish- 
ers, air fresheners, and shaving cream. The largest 


number of all will be used for lacquer hair sprays.. 


An aerosol bomb is a container of compressed gas 
that dispenses a spray carrying the lacquer or the 
insecticide. The gas is fluorinated hydrocarbon, used 
because it has a low vapor pressure and is nonflam- 
mable and nontoxic. A half pound of this gas can be 
compressed into a beer can, whereas a half pound of 
some other inert gas like nitrogen or carbon dioxide 
would require a true bomb with a thick steel shell 
to hold the high vapor pressure. 

Because of the wide acceptance of these aerosols, 
and the rapid growth of the air conditioning busi- 
ness, the curve of fluorspar consumption is rising, 
helped, of course, by the growth of the steel industry 
and by the still very rapid growth of aluminum. 
Moreover, chemists from a dozen or more major 
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chemical companies are working in the field of fluo- 
rine chemicals, and all are optimistic about the 
future of their new compounds. Hence the present 
consumption of about 550,000 tons of fluorspar of 
all grades in this country is expected to grow to 1 
million tons by 1965, and probably sooner. Many 
American producers have been grouching because 
the price has been held down and their market re- 
stricted because of the flush of imports, particularly 
from Mexico, and have sought relief from the U. S. 
Tariff Commission. In my opinion, it is not the pro- 
ducers who should be worrying about where they 
are going to sell their fluorspar, but rather the con- 
sumer as to where he will obtain his supplies. 

Another large consumer of industrial minerals is 
the glass industry, which sold $17 billion of glass in 
1956. Corning Glass Co. has stated that 75 pct of its 
revenue in 1955 came from products not known in 
1940. The automobile industry used 5000 acres of 
flat glass in 1955, and there has been much specula- 
tion by outsiders as to how the wrap-around wind- 
shields are made. Three firms make them. The wind- 
shield starts out as two pieces of polished plate 
glass, placed one on top of the other on a form, 
which is carried through an oven, where the glass 
plates are preferentially heated at some points, 
causing them to sag into the desired shape. A sheet 
of vinyl plastic is placed between the bent plates 
and the elements of the sandwich are bonded to- 
gether. 

A glass called dusk light admits only 30 pct of 
outside glare and is proposed for building walls, 
while a glass with a thin film of a metal oxide that 
conducts electricity is used as a heating unit. By the 
addition of phosphors, a window can be made to 
glow in the dark. 

The familiar Thermopane, which consists of two 
pieces of glass with an air space between to serve as 
a single unit storm window, was formerly bonded 
or sealed with metal. The manufacturer now has a 
glass solder that reduces the cost of the final prod- 
uct, thus increasing its market. One of the most in- 
teresting examples of a special glass is in the tele- 
vision field. A shadow mask for color television has 
200,000 carefully spaced and tapered holes. These 
holes channel the electrons from the gun into the 
face plate of the color set, thus exciting 600,000 red, 
blue, and green phosphor dots. 

Foam glass that can be fitted around the most in- 
tricate piping has been a boon to the heating and 
piping industry. The user can simply scrape out the 
center of a glass brick which looks like pumice, 
until it fits around any odd-shaped part. The glass 
brick is moisture-proof and rodent-proof. 

Another segment of the industrial mineral field 
in which aggressive development has taken place is 
the gypsum industry. There are ten companies 
operating 45 calcining and wall board plants. Gyp- 
sum deposits have been developed recently in In- 
diana, Michigan, and Nevada and on San Marcos 
Island on the Lower California peninsula. There 
has also been a large-scale expansion of operations 
in Nova Scotia. The water transportation of gypsum 
along the east and west coasts, and in the Great 
Lakes, requires a fleet of special boats that has put 
the gypsum companies in the shipping business. 
Equipment for loading and unloading of these big 
boats has required tremendous installations of mate- 
rials-handling equipment. 

In the building industry the activities of those 
making light-weight aggregates from perlite, slag, 
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and expanded shale have been most aggressive. Al- 
though there has been nothing outstandingly note- 
worthy about these products or the industry during 
the past year or two, the steady growth of the in- 
dustry shows widespread acceptance of these prod- 
ucts. This growth has given increased business to 
producers of the raw materials, and the search for 
suitable deposits of perlite and shale has given em- 
ployment to a number of geologists. 

Still another industry in which the producing 
members have been making intense efforts to in- 
crease capacity and expand their reserves is the 
asbestos industry. Of course, except for active but 
small-scale developments in Arizona, the major de- 
velopments have been in Canada, South Africa, and 
Rhodesia. In the Eastern Townships of Quebec are 
three areas called Asbestos, Thetford Mines, and 
East Broughton. At Asbestos, the Johns Manville 
Co. already has the largest building in Canada to 
house its mill and dressing plant, but feeling 
crowded, the company has decided to expand the 
building to give an additional 75,000 ft of floor 
space, which will increase capacity to 16 produc- 
tion lines delivering 625,000 tons of fiber annually. 
Forty miles away, at Thetford Mines, National Gyp- 
sum Co. is expanding its plants and quarries, but 
the most spectacular development is that by Lake 
Asbestos of Quebec Ltd., a subsidiary of American 
Smelting and Refining Co. To open a quarry in a big 
asbestos deposit under Black Lake, the company is 
spending $32 million to remove 35 to 40 million cu 
yd of silt, clay, and sand from the bottom of the 
lake, which will be drained. My employers have 
been operating two suction dredges at Trail Ridge, 
Fla., to handle ilmenite sand at the rate of 850 tph, 
and we have considered these dredges to be large, 
since the suction pump has a 22-in. intake and is 
powered by a 900-hp motor. At Thetford the suction 
dredge has a 34-in. suction line, and the pump has a 
6000-hp motor! Operations are expected to start in 
1958. Other Canadian asbestos developments are 
in the Ottawa Valley; in Ontario between Kirkland 
Lake and Cochrane; and in northern British Colum- 
bia, where Cassiar Asbestos Corp. is: working on a 
mountain in a very remote and difficult region. 

Having worked for some 28 years with titanium 
ores, your speaker could not miss this opportunity to 
tell something about recent developments in that 
industry. Here, of course, we are encroaching on a 
mineral that is both an industrial mineral—since 
it is used to manufacture a pigment in a very large 
way—and also an ore of titanium metal. Fascinating 
as the metal side of the story is, we must keep our 
attention on the industrial mineral side, and cer- 
tainly there is plenty of opportunity to talk at 
length on that subject. 

The reason titanium oxide has made such an out- 
standingly useful white pigment may not be known 
to some in the audience. I will try to cover this in 
a few sentences. A pigment must be chemically 
inert, so that it will not be affected by atmospheric 
chemicals, as lead compounds are, but it must have 
a high degree of hiding power, so that a thin film 
of paint will hide the dingy old surface. When it is 
used as a filler in paper, the printing on one side 
of a thin sheet of paper will not interfere with the 
legibility of the printing on the other side. Hiding 
power is a euphemism for index of refraction, a prop- 
erty of light as it passes through a crystalline sub- 
stance, about which most of you geologists have 
learned in your courses in optical mineralogy. A 
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diamond is brilliant because most of the light enter- 
ing it is bounced back to the observer. Quartz is 
dull, since most of the light entering the crystal is 
absorbed by what is back of it. Now if you could 
just paint your house with diamonds! Wait a minute 
—the titanium oxide compound called rutile has a 
higher index of refraction than the diamond, so 
when you use titanium paint, you have done a better 
job than if you had painted your house with dia- 
monds! 

Although titanium is the ninth most abundant 
element in the earth’s crust—there is a small per- 
centage in any rock, sand, or earth that could be 
found—the black mineral ilmenite has been the 
principal raw material for pigment manufacturers. 
Mention has been made of the black beaches of 
Travancore in South India, on which the sand is 
made up of 60 to 90 pct ilmenite. Very few places in 
the world have been found where a like concentra- 
tion occurs, at least in commercial quantities. We 
had to turn to old sand bars and shore lines on 
which the concentration was much lower, but the 
tonnage available is large and the working condi- 
tions favorable. 

Rock deposits of ilmenite mixed with hematite or 
magnetite are found in many places. Examples of 
the former are deposits at Allard Lake in Eastern 
Quebec and in Southern Norway. Titaniferous mag- 
netites are numerous, but the only one worked in a 
large way is that in the Adirondack Mountains, at 
Tahawus, N. Y., where the National Lead Co. has 
been operating on a very large scale since 1942. 

Since the Allard Lake ore proved difficult to sepa- 
rate by ore dressing methods, the operating com- 
pany, Quebec Iron and Titanium Corp., has devel- 
oped a metallurgical process to smelt the ore, mak- 
ing a usable pig iron, and a titanium-rich slag. 
Whereas the highest grade Florida ilmenite assays 
63 pct titanium oxide, the slag assays 73 pct and has 
proved to be a very desirable material for pigment 
manufacture. 

The titanium deposit at Pluma Hidalgo, in the 
state of Oaxaca, Mexico, is the most challenging of 
all. The mineralogy and geology, the problems of ore 
genesis, and the determination of commercial grade 
can fascinate the geologist, but the engineering, con- 
struction, and political problems can baffle the most 
experienced observer. The ore is a mixture of ilmen- 
ite and rutile in a feldspar rock. The feldspar has 
been identified as anorthoclase. The ore has many 
similarities with that at Piney River, Va., described 
by Clarence Ross. A number of those attending the 
Geological Congress in Mexico last September had 
the privilege of visiting the property. I believe that 
the owners are still not ready to decide whether they 
have a mine or not. 

When we turn our attention to specialty industrial 
minerals, of smaller dollar volume, we find many 
materials occurring in every variety of geological 
deposit and presenting all sorts of problems in the 
fields of beneficiation, industrial application, and 
marketing. Many of the products are synthetics, 
made from other industrial minerals. To mention 
only a few, there are abrasive materials, mica, feld- 
spar and nepheline, tale and pyrophyllite, diamonds 
and other precious stones, graphite, zircon, oxygen 
and other gases. There seems to be no limit to the 
diversity of problems presented. 

Every reader was thrilled a few weeks ago by the 
announcement that General Electric Co. had syn- 
thesized an abrasive from boron nitride that is 
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harder than a diamond—most welcome news to 
metal finishers, since industrial diamonds have not 
been In excess supply and known world reserves 
will not meet the growing demand very long. This 
news follows by only a year or so the similar thrill- 
Ing announcement from the same company that 
diamonds had been synthesized. In the last few 
years we have watched other important develop- 
ments in synthesis—the growing of synthetic quartz 
crystals, the production of synthetic mica, the pro- 
duction of beautiful gem stones like rutile and 
strontium titanate, and synthetic emeralds. Numer- 
ous super-refractories and abrasives have been 
made. A new super-refractory hafnium carbide 
was announced last year and, of course, various zir- 
conium carbides and di-borides have been made re- 
cently. These spectacular developments from our 
research laboratories whet our appetites for more 
miracles. I, for one, am waiting impatiently for three 
more miracles: 1) production of an inorganic fiber 
that can be spun and woven into a strong cloth, 
which will withstand temperatures up to 1500°C 
and can be made cheaply enough for general use in 
many fields of industry; 2) large-scale commercial 
production of HF or synthetic calcium fluoride from 
phosphate rock at reasonable cost—pilot plant tests 
have shown that the reactions are possible; and 3) 
production of elemental sulfur from the SO, in 
smelter gases. That the latter problem is one of 
major importance is illustrated by the statement 
that one large smelter in Canada throws out into the 
Canadian sky the equivalent of one million tons of 
sulfur per year that is not only lost, but is a detri- 
ment to the community. I have not tried to estimate 
the total amount of sulfur belched from the stacks of 
the copper smelters of the West and Southwest. This 
third miracle is on the road to achievement, since 
one of the sulfur companies is constructing a pilot 
plant at Sudbury, Ont., now to test a process for re- 
covering sulfur from the smelter gases. 

There is one industrial mineral in the specialty 
class, lithium ore, that has been much more in the 
news lately than seems to this observer to be justi- 
fied. R. W. Hyde, writing in the Canadian Mining 
Journal for May 1956, states that six plants now 
have an annual capacity of 23,750,000 lb of lithium 
carbonate equivalent, whereas the 1956 demand was 
estimated at 10,680,000 lb and the 1960 demand, esti- 
mated, will be only 15,360,000 lb, or 64 pct of 1956 
plant capacity. At this meeting a paper by P. E. 
Landolt (see April, page 460) cited larger figures 
for both consumption and plant capacity. The ratio of 
consumption to capacity between them, however, re- 
mained about 65 pct. Since 15,360,000 lb is only 
7680 tons, there does not seem to be the justifica- 
tion for a dozen mines in Canada, the U. S., and 
Rhodesia rushing into production. It would seem 
that the glamor of the future potential of the 
fusion reactor in which an isotope of lithium is 
supposed to be needed has stimulated more opti- 
mism than the immediate situation justifies. There 
are industrial uses for lithium compounds in 
greases, ceramics and glass, aluminum welding, air 
conditioning, and in the alkaline storage battery. 
Military and atomic energy uses are expected to 
take only about 17 pct of the requirements both in 
1956 and 1960. Mr. Landolt, at this meeting, stated 
that AEC and other classified uses are probably 
larger than the figure of 17 pct here used, following 
R. W. Hyde. Even so, these classified applications 
are not and probably will not be large enough to 
use all of the capacity now installed. Possibly the 
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biggest potential for the whole industry is in new 
uses for lithium metal, which has the remarkable 
property of remaining liquid over a very wide range 
of temperature, from 186° to 1336°C. However, this 
property is also shared by the much cheaper similar 
metal, sodium. 

As we reach the end of this review of outstanding 
developments and subjects of interest in the indus- 
trial mineral field, which attract the attention of a 
geologist, we return to the question: Is water an in- 
dustrial mineral? One cannot argue against it, since 
water is used in the actual production of scores of 
industrial products as one of the component raw 
materials, for example, in sulfuric acid. A geologist, 
working for a large industrial company, may well 
find water problems an active part of his assign- 
ment. To solve many of these problems, frequently 
difficult, even obscure geological features must be 
studied, which are very fascinating. Looking back 
over 30 years of work covering most diverse assign- 
ments, I believe that one of the most satisfying jobs 
was in connection with the establishment in the 
mid-thirties of a reservoir in east central New 
Jersey. In that area the three neighboring plants of 
du Pont, Hercules Powder Co., and National Lead 
Co. were drawing water from the bottom member 
of the Cretaceous series, as was also the city of 
Perth Amboy, and other users. Test drilling showed 
that a tongue of salt water was being sucked into 
the aquifer, and that if this tongue were allowed to 
continue to grow, it would in time render the aquifer 
useless. A small reservoir was established on a small 
stream, over the Oldbridge sand, there exposed on 
the surface. When wells were placed around the 
periphery of this reservior they were continually 
supplied, from leakage into the ground, with par- 
tially filtered and cool water. It was an early devel- 
opment of natural recharge, now so widely em- 
ployed in many places. The chemical plants have 
been greatly expanded, and their water needs have 
much increased, without drawing further on the 
deep sand. Credit for this development should go 
first to Henry C. Barksdale of the U. S. Geological 
Survey and engineers of the du Pont Co., with whom 
it was such a pleasure to work on so interesting a 
problem. 

On the whole, however, although water may well 
be an industrial mineral, the problems of its occur- 
rence and production are so special that one versed 
in and busy with other industrial minerals may well 
spread himself too thin if he attempts to cover that 
field also. In du Pont there is now a very capable 
group in the engineering department called the 
water boys, including a very competent geologist 
formerly with the U. S. Reclamation Service. 

Now, in conclusion, may I emphasize that the real 
purpose of this analysis is to arouse in students just 
entering the field of economic geology an interest in 
the industrial mineral field, and to give them a small 
glimpse of the challenge that this large field offers. 
May I urge also that our major colleges and univer- 
sities re-examine their curricula to find more room 
to give some of their students the wide and diverse 
training required for work with industrial minerals. 
These students may have to be relieved from the ab- 
struse and erudite aspects of theoretical geological 
studies, so dear to the hearts of many of the more 
academic-minded of the staffs, and be given time to 
take courses in the mining and economic depart- 
ments of the schools they are attending. 


Discussion of this paper sent (2 copies) to AIME before July 31, 
1957, will appear in MInrInGc ENGINEERING. 
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Isotopic Constitutions And 
Origins of Lead Ores 


by R. D. Russell and R. M. Farquhar 


SOTOPIC tracers have become an important aid 
in following the progress of chemical processes 
in the laboratory. It has recently been found pos- 
sible to utilize a system of naturally existing iso- 
topic tracers to obtain information about the geo- 
logical history of lead ores. Common lead, such as 
is found in lead deposits, is a mixture of four stable 
isotopes having atomic weights 204, 206, 207, and 
208. 

Of these, the last three are identical with the lead 
isotopes produced as stable end products of the 
radioactive decays of uranium and thorium: the 
first, lead-204, is not known to be produced on the 
surface of the earth by any process. Since uranium 
and thorium occur in the surface regions of the 
earth in amounts comparable with lead, and since 
the half-lives of uranium and thorium isotopes are 
of the same order as the age of the earth, they pro- 
duce the radiogenic lead isotopes in amounts com- 
parable to the amount of nonradiogenic lead present. 
Every significant exposure of a sample of lead to 
uranium and thorium will therefore lead to the 
permanent alteration of the lead isotope ratios in 
that sample. 

It is this unique property of lead that serves as 
a means of tracing the history of a lead sample in 
terms of its contacts with the radioactive elements. 

If lead from a lead mineral has been analyzed 
with a mass spectrometer, the measured isotope 
ratios are determined entirely by the isotope ratios 
of primeval lead, which are identical for all min- 
erals, and by the particular history of the sample. 
It follows that for samples from any particular geo- 
logical area, observed differences in the isotopic 
composition are enough to distinguish different geo- 
logical histories. An illustration of the qualitative 
application of this statement is given in Table I by 
analyses of some galenas from the western Cordil- 
lera. Samples from deposits in Pre-Cambrian sedi- 
ments have very different lead isotope ratios from 
those of the ores in the Paleozoic sediments. Al- 
though the two types are associated closely geo- 
graphically, it is apparent that they have had quite 
different histories and have probably been emplaced 
at quite different times, as the ideas outlined in the 
following section suggest. Even when applied quan- 
titatively, a lead isotope analysis can never indicate 
a unique history of any lead sample. However, it 
greatly restricts the choices available and combined 
with other geological and geochemical data can lead 
to a much better understanding of the genesis of 
lead ores. 


R. D. RUSSELL and R. M. FARQUHAR are Lecturers in Physics 
at the University of Toronto. 

TP 4438L. Manuscript, April 11, 1956. New York Meeting, 
February 1956. 
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General Character of Lead Isotope Variations: 
Early isotopic analyses of common leads by Nier’ 
showed that geologically younger leads were gen- 
erally richer in isotopes of masses 206, 207, and 208, 
with respect to that of mass 204. This regularity of 
measured lead isotope ratios can be easily observed 
by plotting each of the ratios Pb*/Pb™ and Pb” / 
Pb™ against) the:ratio 


Table |. Lead Isotope Ratios for Galenas from the Cordilleran Region 
of Western Canada 


Age, 
Sample Pb26/ Millions 
Number Location Pb» of Years 
200 Sullivan mine, Kimber- 
ley, B. C. 16.77 15.00 36.81 940+300 
514 North Star mine 16.77 15.82 37.17 910+300 
512 Sullivan mine, Kimber- 
16.82 15.80 37.15 900+300 
208 North Star mine, Cran- 
brook, B. C. (Cerussite) 16.93 15.98 37.18 8854310 
513 Blue Bell mine, B. C. 17.86 15.89 38.88 
212 Monarch mine, B. C. 19.37 16.28 40.30 
210 West Kootenay, B. C. 19.49 16.13 40.04 
215 Keno Hill, Mayo, Yukon 19.58 16.05 40.15 
209 Torbritt, B. C. 19.70 16.24 39.92 


In both graphs the points lie scattered closely 
about a well defined mean curve. It was immedi- 
ately supposed that this regularity resulted from the 
growth of all leads from a common primeval lead 
present at some time, T,, early in the earth’s history. 
Lead in the outer part of the earth would become 
continually enriched in the radiogenic isotopes as 
a result of the uranium and thorium intimately asso- 
ciated with it. The subsequent extraction of some 
of this lead and formation of a lead mineral free of 
the radioactive parents provide samples of lead 
existing in the earth at the time of mineralization, T. 
Younger leads in general will be richer in the radio- 
genic isotopes because they have been associated 
with uranium and thorium for a longer time. Then 
lead ratios would be given by the formulae: 


(Pb*'/Pb™) = (Pb™/Pb™) 2, + (U*/Pb™) dt 


I 


To 


where }, )’, and d” are the decay constants of U**, 


Summaries of measurements of radioactivity of 
surface rocks, such as given by Faul,? are of limited 
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help in estimating ratios of uranium and thorium to 
lead in different parts of the earth and at different 
times in its history. Consequently the ratios are 
usually taken as a constant multiplied by an expo- 
nential factor representing the effect of radioactive 
decay. On this assumption, which effectively ignores 
the possibility of any process other than radio- 
activity changing the distribution of lead, uranium 
and thorium in the earth, it is possible to perform 
the integrations in Eq. 1 to give: 


(Pb /Pb™) 2 = 1, 


(Pb™/Pb™): = 


(Pb™/Pb™) 2 = (Pb™/Pb**) 


The first two of these equations can be combined 
to give: 


(Pb? (Pb""/Pb™) 
(Pb”/Pb™) 7 — (Pb”/Pb™) 7, 


( er \ 


( wes ) [3] 


Eqs. 2 and 3 are the equations committed to 
memory by everyone concerned with lead isotopes. 

These assumptions may seem surprising in view 
of the belief held by some that the rocks forming 
the crust of the earth have not been present as such 
since the solidification of a molten earth, but that 
the continents have been slowly evolving by the 
addition of new material from the upper part of the 
earth’s mantle. The idea of a gradual evolution of 
the earth’s surface features does not at first seem 
compatible with the supposition of a permanent, 
unchanging source for lead ores. Nor does the as- 
sumption of a homogeneous source seem compatible 
with the wide difference in the radioactivity of sur- 
face rocks. However, if the theory of continental 
growth from material derived from the mantle is 
correct, then lead, as well as the other elements in 
the crust, must be derived from the mantle. The 
major contributions of radiogenic isotopes to lead 
would not occur in the crustal rocks, but in the 
mantle. The observed regularity of lead isotope 
abundances is easily explained if the mantle is mod- 
erately uniform on a broad scale. Thus the abund- 
ances are apparently consistent both with the theory 
of continental growth and with the observations 
that many Canadian ore deposits in the Pre-Cam- 
brian seem closely associated with deep faults and 
only less directly with major igneous intrusives.® 

In line with these assumptions, the following 
sequence of events can be visualized as the history 
of lead ores: 

1) At the time of its formation, the earth con- 
tained in its mantle primeval lead disseminated 
with the uranium and thorium present. 

2) Lead in any part of the mantle was altered 
by the addition of radiogenic isotopes until the time 
of local orogeny. 

3) At the time of local orogeny, lead was 
brought to the surface and was incorporated into 
crustal rocks. 
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Then follow five alternatives: 

4a) The lead remains forever disseminated in 
the rocks, in which case it is not of concern in the 
study of macroscopic lead minerals. 

4b) Lead is incorporated directly into minerals, 
in which case it has had a simple history and is 
known as an ordinary lead. 

4c) It is incorporated in rocks having uranium/ 
lead and thorium/lead ratios similar to the mantle 
and subsequently forms a lead mineral. Isotopically, 
this lead is indistinguishable from lead arriving 
directly from the mantle at the time of mineraliza- 
tion. 

4d) It is incorporated in rocks having uranium/ 
lead and thorium/lead ratios much lower than the 
mantle and subsequently forms a lead mineral. 
Isotopically this lead is not very different from that 
in case 4b. 

4e) It is incorporated into rocks having ura- 
nium/lead and thorium/lead ratios much larger 
than the mantle and then forms a lead mineral. This 
forms an anomalous lead that requires a more com- 
plex mathematical representation than do any of 
the others. The distinction between cases 4c, 4d, and 
4e is to some extent arbitrary, but it greatly sim- 
plifies discussion of lead isotope abundances. 

Estimating the Ages of Ordinary Leads: In view 
of the fact that ordinary leads, in the sense used 
above, closely follow an abundance-age relation- 
ship, it is a natural step to try to use such relation- 
ships to date ordinary galenas. To do this, it is more 
convenient to rewrite Eq. 2 in the form: 


(Pb™/Pb™), =a—aV (e7—1), 
(Pb”"/Pb™), = b—V (e’7—1), 
(Pb™/Pb™), =c— W (e’"—1). [4] 


Pb**/Pb™ ratios for very young lead samples, W is 
the present average value of the ratio Th”’/Pb™, V 
is the present average value of the ratio U*’/Pb™, 
a is the present ratio of U™ to U”, and all other 
symbols are the same as those previously defined. 

The first and third of these equations are the ones 
that have been used by the workers at the Univer- 
sity of Toronto to date many lead ores. They may 
be applied only to ordinary leads and only if the 
supposition of the derivation of the leads from a 
rather homogeneous mantle is valid. The equations 
have been combined in a different form by F. G. 
Houtermans’ for age determinations, but the results 
obtained by the two methods are very much the 
same. 


Table II. Some Examples of Common Lead Ages 


Age, 
Pb*/ Pb*7/ Pb08/ Millions 
Location of Years 
Con mine 1250’ level, Yellow- 
knife Northwest Territories 
(T-446) ; 14.25 15.26 34.42 2200+150 
Steeprock Lake, Ont. (T-404) 13.94 14.83 Soto 2410+130 
Kokosho quarry, near Kulu 
Matundu, Uele, N. Congo 
(T-616) 12.81 14.39 32.84 2840+110 
Kalgoorlie, Western Australia 
(T-503) 13.89 15.05 33.88 2400130 


Anacon mine, Quebec (T-560) 16.53 15.63 36.42 1240+190 
Ciglen Claims, Lake Baska- 


tong, Quebec (T-520) 16.59 15.64 36.71 1160+190 


Table II lists some calculated ages of some typical 
ordinary galenas. Present indications are that these 
ages are not in conflict with those obtained for the 
same regions by other methods. 
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Anomalous Leads: Early in the study of common 
lead isotope abundance variations, it became ap- 
parent that certain leads could not be fitted to any 
of the above simple theories. The Joplin ores, which 
are of this type, were finally rejected by Holmes’ 
for his determination of the earth’s age. They had 
to be rejected by Bullard and Stanley’ before their 
age of the earth calculations would yield any 
sensible result, and they could not be used by 
Alpher and Herman‘ in the development of their 
common lead abundance-time curves. 


Table III. Lead Isotopic Abundances of Sudbury Galenas 


Num- Pb26/ Pb07/ Pb208/ 
1 McKim mine (1000 ft) 22.89 16.72 44.92 
2 McKim mine (960 ft) 23.03 16.69 45.19 
3 McKim mine (800 ft) 16.30 15.85 36.97 
4 McKim mine (600 ft) 16.43 15.96 36.93 
5 Falconbridge mine (3300 ft) 24.29 17.04 45.70 
6 Falconbridge mine (2400 ft) 23.70 16.92 45.35 
7 Falconbridge mine (1700 ft) 24.20 16.95 45.58 
8 Frood mine (disseminated in wall) 15.99 15.84 36.56 
9 Frood mine (post ore slip) 23.10 16.90 45.04 
10 Garson mine 22.95 16.69 44.79 
11 Garson mine (post ore slip) 23.00 16.61 44.78 
12 Worthington mine 26.00 16.94 52.21 
13. Hardy mine (750 ft) 23.23 16.77 52.64 
14 Fairbank township (deformed mi- 
cropegmatite) 16.20 15.76 36.99 


15 Treadwell Yukon (center of basin) 16.15 15.60 35.94 


A second suite of anomalous leads was discovered 
in the region of Sudbury, Ont. The Sudbury leads 
have ratios that appear 
even more anomalous than those for Joplin leads. 
The fact that the Pb*”"/Pb™ ratios are not so anoma- 
lously large indicates that the excess radiogenic lead 
must have been generated in a relatively late stage 
of the earth’s history when uranium-235 was rela- 
tively rare. Suites of samples from the Sudbury 
area and the Joplin-Tri-State area have been ana- 
lyzed at Toronto with the results shown in Tables 
III and IV. 


Table IV. Lead Isotope Abundances of Tri-State Mine Galenas 


Num- Pb26/ Pp28/ 
ber Mine Bed Pp»4 Pb204 
316 Diamond Joe Chester 

limestone 21.38 16.16 41.03 
318 Weber-Westside D-E 22.15 16.21 41.63 
320 Howe (average of 
two analyses) E 22.29 16.27 41.88 
315 Federal-Jarrett G-H 22.70 16.25 42.16 
319 Kitty G-H 22.73 16.31 42.07 
314 Weber-Westside G-H 22.12 16.22 41.63 
317 Grace B J 22.77 16.29 42.25 
321 Otis White K 22.77 16.28 42.13 
323 Blue Goose No, 1 M 22.07 16.24 41.87 
231 Westside M 22.16 16.31 41.98 
322 Blue Goose No. 2 
(average of two 
analyses) (6) 21.83 16.14 41.35 


The Sudbury ores show a remarkable variation 
of isotopic constitution for samples even from the 
same mine. Such a variation is not found in the 
case of deposits that do not contain anomalous leads. 
This is borne out by the analyses of leads from other 
mines—which are apparently not anomalous—which 
come from a greater range of depths than the Sud- 
bury leads and which show no variations in isotopic 
constitution. (See Table V.) 

To obtain information about the age of the Sud- 
bury galenas it has been postulated that these leads 
were mixtures in varying proportions of a single 
radiogenic lead and a single common lead of the 
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nonanomalous type. By means of a simple least 
squares calculation’ the ratio Pb/Pb™ in the radio- 
genic lead was determined to be 0.134 + 0.007. a 
can be calculated that uranium was generating lead 
isotopes in these proportions 1300 million years ago. 


Table V. Lead Isotope Ratios for Samples from Bunker Hill 
and Sullivan Mines, Idaho 


Depth with 
Respect to Sea 
Number Level, Ft Pb206/P p204 Pb»8/P b24 
Ey Wf 3150 16.69 15.82 36.79 
578 1200 16.55 15.72 36.60 
579 850 16.56 15.73 36.68 
580 —150 16.58 15.75 36.75 
581 — 350 16.54 15.72 36.62 


It follows that the lead must have been in contact 
with uranium at least as recently as 1300 million 
years ago. This age is then an upper limit to the 
age of these minerals. 

Five of the samples analyzed do not appear to be 
anomalous and can be dated by the methods de- 
scribed previously. The ages obtained are in excel- 
lent agreement, and the mean age of 1250 million 
years agrees within the limits of error with the time 
of beginning of the Grenville orogeny about 1100 
million years ago. The Sudbury ores appear to be 
associated with a series of faults that start at the 
northern border of the Grenville geological province 
and extend into the older Keewatin province to the 
north. 

The variation of the Tri-State abundances is not 
sufficient to apply successfully least squares calcu- 
lations of the above type. However, variations do 
exist and do seem to be related to the position of the 
ore in the stratigraphic column. No theory has yet 
been put forward to explain the variation of the 
Tri-State lead isotope abundances. 

The most important point to be made is that the 
deposition of these ores must have involved addi- 
tions of considerable quantities of radiogenic lead, 
possibly leached from older rock formations that 
were relatively rich in uranium and thorium. Many 
more samples from this region must be analyzed if 
further progress on this problem is to be made. 

In the course of analyses of various other suites 
of lead minerals it was found that some samples 
from the Broken Hill area, N.S.W., Australia, ex- 
hibited the properties indicative of anomalous leads. 


Table VI. Isotopic Analyses of Leads from Broken Hill, N. S. W. 


Num- 
ber Sample Pb24 
667 No. 3 Lens 16.23 15.69 36.17 
668 Bewteen No. 2 and 16.24 15.69 36.14 

No. 3 Lens Main 
669 No. 2 Lens Ore bodies 16.12 Usyay( Sites 
670 Rhodonitie zine lode 16.14 15.57 35.83 
671 No. 1 Lens 16.18 15.64 36.05 
672 Siliceous zine lode 16.22 15.67 36.15 
721 Mayflower 18.15 15.96 39.01 
723 Terrible Dick 18.17 15.94 39.17 
724 3000 ft south of Apol- 

lyon Mine Satellite 
725 Daydream Ore bodies 18.03 15.90 39.08 
726 Victoria extended 18.16 15.96 39.17 
727 Pioneer (Thacka- 

ringa) 17.66 15.88 38.71 


Results included in Table VI show that the main 
Broken Hill orebodies apparently consist of ordinary 
lead uncontaminated by the radiogenic additions 
evident in the leads from the surrounding satellite 
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deposits. A mathematical analysis similar to that 
performed on the Sudbury leads gives an ordinary 
lead age of 1430 m.y. using the samples from the 
main orebodies and an upper limit to the time of 
radiogenic additions of 1490 m.y. using all the 
analyses. 

As a further check on the hypothesis that the 
anomalous leads have had histories considerably 
different from the ordinary leads, a series of spectro- 
scopic analyses was made by J. E. Hawley, Queen’s 
University, Kingston. The elements bismuth and 
tin present in the galena samples from the main 
orebodies were found to be absent or in much lower 
concentrations in the samples from the satellite 
deposits. This gives further support to the writers’ 
ideas regarding the fundamental differences be- 
tween anomalous and ordinary leads. 


Conclusion 
This article has pointed out four fundamental 
ways in which a knowledge of isotope ratios of 
common leads may be of assistance in understand- 
ing the genesis of ore deposits. The first is their use 
to distinguish leads arising from separate mineral- 
izations, as was described for the western Cordillera 


of deposition of ordinary leads. This is the only 
method yet devised for directly dating most ore- 
bearing veins. The third is their use in determining 
the genetic relationships among anomalous leads. 
The fourth is the general observation that to date 
the regularity in the abundance ratios found in lead 
ores has been explained only by assuming that 
ordinary lead ores have come unchanged from a 
uniform source containing uranium thorium and 
lead. The most likely uniform source seems to be 
the mantle. If this explanation is true the great 
majority of lead ores have risen directly from the 
mantle, during periods of orogeny. 
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Differentiation of Igneous Rocks 


and Ore Deposition in Peru 


by W. C. Lacy 


leads. The second is their use in estimating the age 
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Fig. 1—Peru, showing location of areas in which relations 
igneous rocks and mineral deposits were studied. Localities 
represented in study of igneous rocks are starred. 
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A WIDE variety of metalliferous deposits in Peru 
shows a close and consistent relationship to in- 
trusive and extrusive igneous rocks. This relation- 
ship furnishes a clue to the composition of ore-bear- 
ing fluids and to the timing in separation of these 
fluids from differentiation magma. 

Conclusions presented here are based on ten years’ 
study of a large number of metalliferous deposits in 
Peru. The most important of these areas are shown 
in Fig. 1. 

The structural relationship of metal mineralization 
to the intrusive series and of the members of the 
series to each other can be illustrated by three ex- 
amples: 

The well described Cerro de Pasco (Ref. 1, p. 160) 
sulfide mass shown in Fig. 2 is localized along the 
eastern contact of an agglomerate-filled crater. 
Quartz-monzonite porphyry and related intrusive 
breccias, which in places border the pyrite mass on 
west, are replaced by the pyrite and cut by later 
transverse vein structures. Late unmineralized but 


W. C. LACY, Member AIME, formerly Chief Geologist with 
Cerro de Pasco Corp., La Oroya, Peru, is now Professor of Geology, 
University of Arizona, Tucson, Ariz. 

TP 44871. Manuscript, June 5, 1956. New York Meeting, Febru- 
ary 1956. 
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Fig. 2—Generalized map of surface (inset) and 600 level at 
Cerro de Pasco. 
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Fig. 3—Plan of 1600 level at Cerro de Pasco showing rela- 
tion of post-ore dikes to vein structures. 
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strongly altered albitized quartz-latite to latite por- 
phyry dikes cut the transverse veins and the north- 
ern portion of the pyrite mass, Fig. 3. 

A folded and faulted sedimentary and volcanic 
sequence of rocks at Morococha (Ref. 1, p. 170) is 
cut by quartz-diorite, granodiorite, quartz-monzon- 
ite, and quartz-monzonite porphyry intrusives, 
shown in Fig. 5. Barren pyrite masses are found 
tangential to the granodiorite and quartz- -monzonite 
intrusive bodies of the San Francisco and Potosi 
stocks. Pyrite masses containing ore minerals occur 
next to quartz-monzonite porphyry intrusives, such 
as the Gertrudis and San Nicolas stocks. Ore min- 
erals were introduced after at least partial solidifi- 
cation of the intrusives, as indicated by mineralized 
fractures, which die out as traced from the contacts 
into the stocks. No post-ore intrusives have been 
identified. 

At the newly developed Cuajone porphyry copper 
deposit in southern Peru, quartz-diorite, quartz- 
monzonite porphyry, latite porphyry, and related 
intrusive breccias have intruded a warped series, 
Fig. 4 of Cretaceous (?) volcanics. Most sulfide min- 
eralization was introduced prior to intrusion of la- 
tite porphyry and breccia dikes and after solidifi- 
cation and shattering of the quartz-monzonite por- 
phyry. 

Intrusive rocks in all districts examined have 
similar mineralogical and textural characteristics 
as well as consistent age relationships. Except for 
very late basaltic dikes, which are seemingly un- 
related to mineralized areas, the more calcic in- 
trusives are always older. 


Pre-Sulfide Intrusives: Quartz-diorite,* which 


* Lindgren (Ref. 2, p. 277) defined a quartz-monzonite as having 
20 to 40 pct alkali feldspar, assuming 60 pct total feldspar content, 
the soda-lime feldspar being a calcic oligoclase or andesine. With 8 
to 20 pct alkali feldspar the rock becomes a granodiorite, and be- 
low 8 pct a quartz-diorite. 


occurs in large stocks or batholiths, is xenomorphic 
granular in texture, containing unaltered horn- 
blende, augite, and andesine subhedrons, with a 
small quantity of intergranular fine-grained quartz 
and orthoclase. 

Granodiorite intrusives occur as large stocks or 
batholiths. These have a hypautomorphic granular 
texture in which most of the andesiné-oligoclase is 
euhedral to subhedral, with interstices filled with 
aplitic quartz and orthoclase. The ferromagnesian 
mineral is essentially hornblende. Normally all 
minerals are unaltered except adjacent to sulfide 
mineralization. 

Quartz-monzonite occurs in stocks with a texture 
similar to the granodiorite. It contains a somewhat 
larger percentage of the aplitic quartz and ortho- 
clase interstitial to oligoclase, biotite, and horn- 
blende euhedrons and subhedrons. The minerals 
are generally unaltered except where adjacent to 
sulfide mineralization. 

Quartz-monzonite is found as small stocks or 
dikes containing phenocrysts of quartz, oligoclase, 
and biotite in a fine aplitic groundmass composed 
essentially of quartz and orthoclase with small 
quantities of oligoclase. A porphyritic texture is 
developed. Widespread alteration of these intrusives 
is characteristic, extending considerable distances 
from any known sulfide mineralization. 

Post-Sulfide Intrusives: Post-sulfide intrusives 
occur as small dikes ranging in composition from 
quartz-latite to latite. They are generally porphy- 
ritic but may develop an implication texture or a 
plume-like intergrowth of quartz, orthoclase, and 
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Fig. 4—Ternary diagrams showing compositional variations of igneous rocks of Peru. 


sodic plagioclase. Biotite is less abundant than in 
the quartz-monzonite porphyry and is supplanted in 
part by muscovite. The dikes are generally altered, 
with alteration unrelated to mineralization. They 
commonly are rich in manganese and weather black 
in outcroppings. 

Mineral Variations: Mineral compositions of some 
200 specimens of igneous rock from localities shown 
in Fig. 1 were determined microscopically in thin 
section and are plotted in Fig. 4. (Late post-min- 
eralization basaltic dikes geographically unrelated 
to mineralized districts were not included.) Compo- 
sitions of the quartz-diorite, granodiorite, and 
quartz-monzonite intrusives were accurately deter- 
mined, but mineralogical determinations in quartz- 
monzonite porphyry and some of the post-sulfide 
intrusives were hindered by extensive alteration, 
and considerable extrapolation was required. How- 
ever, there appears little doubt that the rock types 
all fall within the same or similar magma series, 
and that these intrusives exposed at the surface are 
the upward manifestation of a differentiating magma 
in depth. 

Compositional variations of the pre-sulfide in- 
trusives range from quartz-diorite to alaskite, with a 
concentration of quartz and orthoclase in the later 


fractions. There occurs a sharp break in the trend 
corresponding to the period of ore mineralization, 
with a sharp decline in the quantity of free quartz 
in the post-sulfide intrusives, and an increase in so- 
dium relative to calcium. 

Correlation of Intrusive and Extrusive Activity: 
Voleanic activity in Peru began in late Cretaceous 
time and feebly continues today; however, the most 
intense activity preceded metalization occurring in 
Early Tertiary time. These eruptives contain a pre- 
ponderance of thick andesite to trachyte flows and 
pyroclastics and are thickest in a belt lying west of 
the continental divide and west of the centers of 
mineralization. Only locally are dacite or rhyolites 
important. This great thickness of volcanic rocks is 
poorly dated, but all available data indicate that 
they were erupted either prior to or simultaneously 
with the quartz-diorite member of the intrusive 
sequence represented in the mineralized districts. 
Later local explosive phases are closely associated 
with, but preceded, quartz-monzonite porphyry in- 
trusives. In these extrusives dacite tuffs predom- 
inate. 

Metalliferous Deposits: Contact zones of quartz- 
diorite and granodiorite intrusives commonly con- 
tain small, irregular magnetite bodies with minor 


Table I. Summary of Relations of Igneous Rocks to Ore Deposits in Peru 


Volcanic Mineral 
Pre-Ore Intrusives Type of Pluton Texture Plagioclase Femags Activity Deposits 
Quartz-diorite: Large stocks Xenomorphic Andesine (us- Augite, horn- Widespread Magnetite 
granular ually fresh) blende andesite to 
trachite flows 
pyroclastics 
(earlier or 
contempora- 
neous) 
Granodiorite, Large stocks to Hypautomor- Andesine-oligo- Hornblende, Limited Barren 
quartz-monzonite: batholiths phic granular at (usually augite pyrite 
resh) 
Quartz-monzonite Small stocks, Porphyritic Oligoclase- Biotite Local explosive Pyrite with 
porphyry: dikes and sills (quartz and andesine (hornblende) dacite agglom- Cu, Zn, 
plagioclase (usually erates, and Pb, Au, 
phenocrysts) altered) tufts, breccia Ag 
pipes 
Post-ore Intrusives Small dikes Porphyritic Oligoclase- (Biotite) Breccia pipes Post-ore 
(quartz, albite and pebble (Ag ?) 
plagioclase dikes 
and ortho- 
clase pheno- 
cerysts) 
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chalcopyrite, ferroan sphalerite or marmatite, and 
pyrite. Peripheral to quartz-monzonite and grano- 
diorite intrusives commonly occur large, upward- 
flaring, barren pyrite replacement masses with roots 
ending in depths tangential to the intrusive con- 
tact. These are well illustrated at Morococha. Simi- 
lar pyrite replacement bodies carrying ore minerals 
as pipes within the pyrite peripheral to the pyrite 
mass—or as veins cutting pyrite and intrusives—are 
found immediately adjacent to quartz-monzonite 
porphyry intrusives. Mineralization appears to have 
followed intrusion of the stocks closely. Occasionally 
sharp-walled veins cut the outer shell of an in- 
trusive and die out toward the interior, possibly 
indicating incomplete consolidation at the time of 
fracturing and mineralization. 

There is some doubt as to the nature of metaliza- 
tion related to latite and quartz-latite porphyry 
dikes. Some silver and manganese mineral deposi- 
tion appears to have been introduced about the same 
time as these dikes, but a genetic relationship can- 
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Fig. 6—Diagram showing relation of extrusive activity and 
metalization to igneous rock compositions. 
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not be firmly established. They are essentially post- 
sulfide. 

Shifting of Igneous Belts: There is a general over- 
lapping of members of the quartz-diorite to latite 
porphyry magma series, but there exists an in- 
distinct but definite trend toward an eastward shift- 
ing of the later intrusives. In central Peru quartz- 
diorite is generally west of or close to the conti- 
nental divide; granodiorite is found astride or close 
to the divide; and quartz-monzonite, quartz-mon- 
zonite porphyry, and latite porphyry intrusives are 
more common east of the divide. A similar trend is 
observed in southern Peru, where accompanying the 
shift of igneous rock types is a change from the 
porphyry-copper type of mineralization, to lead- 
zinc deposits, to manganese-silver deposits. 

Observed relationships are summarized in Table 
I and illustrated in Fig. 6. 

It appears from the study of relations of in- 
trusive rocks and ore deposits in Peru that separa- 
tion of ore solutions occurred late in the history of 
the differentiating magma and that this separation 
resulted in, or was accompanied by, a sharp decline 
in silica and lime content of the magma. By in- 
ference it is concluded that the fluids removing met- 
als from the differentiating magma also carried away 
the silica and lime. 

The mechanism of separation of the ore fluids is 
not clear, but evidence indicates that it occurred 
while the intrusive mass was still in a partially mo- 
bile state. Metallic components were released from 
the differentiating magma at various stages and not 
simultaneously. 

Many more observations are required, particu- 
larly of intrusives that were injected during the 
period of metalization. A correlation should be 


made of the paragenesis of ore minerals with these 
intrusives. 
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Selection of Mine Hoist Ropes 


by Lawrence Adler 


M INE hoist ropes have hitherto been selected by 
successive approximation, a process both tedious 
and inexact. The proposed expression is a readily 
solved synthesis of existing data and the following 
standard equation:* 


[ww + 
[1] 


For convenience, a glossary of all terms appears 
on page 564. 

Since rope weight (W,) and bending load (B) 
are functions of unit rope weight (W,), which in 
turn is a function of rope strength (T), W, and B 
can be expressed in terms of T. 

W, as a Function of T: A study of the curve in 
Fig. 1, unit rope weight vs strength, yields Eq. 2: 


[2] 
Therefore 


W,= Woe [3] 
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Fig. 1—Rope strength ys weight (6x19 rope). 
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B as a Function of T: From Fig. 2, unit rope 
weight vs diameter, Eq. 4 is obtained: 


W, = 1.6d’ [4] 


B is related’ to d and D, and d has been expressed 
in terms of W, by Eq. 4, so the curve B vs W, (Fig. 
3) gives Eq. 5: 


N 


3 


This may readily be checked from the expression 
for a 6x19 rope, 1Le., 


3 


B = 288,000 
Since d* = 0.625 W, and N = , substituting 
into the above expression gives Eq. 6: 
180,000 180,000 
= ———__ W, = ———T, which will be used. [6] 
N KN 


Into Eq. 1 substitute Eq. 3 and Eq. 6, noting that 


=== 

| (w L r) (1 02 a ) 180,000 
4 n= 

K 32.2 KN 

[7] 
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Fig. 2—Rope weight ys diameter (6x19 rope). 
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4 
Solving for T in tons: 
2,000 KW [3] 
12 
( 32.8 + a Ne 180,000 ) L 
N 
10 
Values of K are given in Table I or can be calcu- 
lated easily. For example, Roebling’s 1105.6x19 aoe 
rope (or American Cable VHS) at W, = 11.00 and ° 
2000 X 302 
T = 302. Therefore K = —————— = 55,000. ti 6 
11.00 
4 
Table I. Values of K 
Material K 2 
Improved plow steel 50,000 | 
Plow steel 42,000 (0) 
Mild plow steel 39,000 0 20 40 60 80 100 120 140 160 
Cast iron 35,000 W, wT (x103 LB) 
Fig. 3—Bending load ys weight (6x19 rope). 
A nomogram’‘ has been prepared for repeated so- 2 
lutions using improved plow steel. For other mate- 
rials Fig. 5 gives an approximate, minimum value. Gloccarveclielenie 
In Eq. 7 a high value of L can make T negative, 
which is not possible. But for a maximum rope penne 
strength of 300 tons, a maximum acceleration of 10 d 
ft per sec,’ an N of 100, curves of maximum L vs W acne Giemeten. ca 
for a given n can be plotted (Fig. 4) which limit f = friction coefficient (0.02) 
their usage. g = gravity (32.2 ft per sec*) 
Ref K = slope of curve, unit weight vs strength 
Crerences L = suspended rope length, ft 
t Peele: Mini Engineers’ Handbook, 3rd ed., pp. 12-24, er * : 
Wiley & New York N = ratio sheave to rope diameter (D/d) 
2Ref. 1, pp. 12-24. n = safety factor 
ri T = breaking strength of rope, tons 
1 . Davis: N hy and Empirical Equations. Reinhold ? 
Publishing Co., New York, 1955. W = suspended dead load, excluding rope, lb 
W, = suspended rope weight, lb (WL) 
32 W. = unit rope weight, lb per ft 
30 4 
N B NxB 
28 60 | 3,000Wy | 180,000 Wy 
80 | 2,250Wy | 180,000 Wy 
120 | 1,370Wv | 165,000 Wy 
{77,000 Wy Ne \ Or so 
a ee N 10, \® 
° Fa {00 
14 4 \ ° 
fal 6) E60 x 
c PENG a0 
SS 24 260 240 220 200 180 {60 140 {20 100 80 60 40 20 (0) 
= {,370 Wy \ T, REQUIRED ROPE STRENGTH , TONS 
\® PIVOT LINE 
ms 5 Fig. 5—Nomogram for selecting a 6x19 hoist rope of im- 
2 a proved plow steel. Instructions: Join n and N with a straight 
l line (1). Through a and perpendicular to line (1) draw line 
0 2 Zi 6 8 0 id a (2) down to the pivot line. From this point (3) draw a line 
W.. LB PER FT (4) to L. Through W and perpendicular to line (4) draw line 
md (5). Where it intersects T is the solution. Example: n — 4; 
Fig. 4—Lift vs weight (6x19 rope). a = 10 ft per sec? and L — 3000 ft; W = 30,000 Ib; a = 8 ft per sec”. Find 
N = 100. T = 136 tons. 
Correction 


The staff wish to emphasize that Massachusetts Institute of Technology has not discovered a new element 
“Cn” although the title of the Transactions paper by A. M. Gaudin, D. W. Fuerstenau, and M. M. Turkanis (page 
65, MINING ENGINEERING, January 1957) contains the phrase “and Cn Ions.” Free from typographical error the 
phrase would read ‘and CN Ions,” which makes much better sense. 
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Apparatus and Procedure 


for 


Electromagnetic Prospecting 


Surveys are effective, speedy and inexpensive. 


by D. G. Brubaker 


N the history of geophysical exploration by the 

electromagnetic method many procedures and 
types of equipment have been used. Source arrange- 
ments for surveying on the ground have included 
long wires grounded at both ends, large loops laid 
on the ground, small horizontal loops, and vertical 
loops of moderate to small sizes. Receivers have 
ranged from simple direction-finding coils to com- 
binations of coils and a bridge circuit to measure 
quantities related to both amplitude and phase of 
the received signal. 

Primary considerations in choosing a _ survey 
method are effectiveness, speed, and economy. In 
work on the ground in which locating and out- 
lining conducting bodies is the objective, methods 
using a vertical coil and a simple direction-finder 
have been found the most satisfactory. Mason’ and 
his associates applied such a method by setting up a 
vertical source loop, fed with low frequency alter- 
nating current by an engine-generator set. With a 
direction-finding receiver they surveyed lines along 
the ground in the plane of the loop, taking measure- 
ments at each station of the azimuth and inclina- 
tion of the magnetic field direction. Deviations of 
this direction from the normal direction, that is, 
from horizontal and perpendicular to the traverse 
line, indicated a conducting body. Recent advances 
in design of light-weight generating equipment 
have encouraged using this and similar methods. 

In 1950 W. H. Westphal and the present writer 
developed a variation of this method and the ap- 
paratus for carrying it out. Their ideas were also 
based on experience with the Boliden Mining Co. 
method, which uses a small source coil and a vac- 
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Fig. 1—Results of scale model in-line suryey over a metal 
sheet dipping at 60°. Inclination of magnetic field from hori- 
zontal is plotted. Points are of receiver positions. 


uum tube oscillator. The new procedure uses a 
small vertical source coil, powered by a vacuum 
tube oscillator, and a direction-finding receiving 
coil. Source and receiver are kept a fixed distance 
apart and move as a unit along the survey lines. At 
each receiver station only the inclination of the 
magnetic field created by the source is measured. 

Source Unit: The source coil and a small vacuum 
tube oscillator together weigh about 45 lb. The 
source coil consists of about 60 turns of 10-gage 
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Fig. 2—Results of scale model broadside survey over a metal 
sheet dipping at 60°. Inclination of magnetic field from 
horizontal is plotted. Points are at receiver positions. 


aluminum wire wound on a rectangular form 10 sq 
ft in area supported by four spokes of plywood ex- 
tending from a hub. The hub is offset above the 
center of the rectangle and padded to permit con- 
venient carrying on the operator’s shoulder. The 
hub also carries a level, set perpendicular to the 
loop plane, which indicates when the loop is verti- 
cal, as well as a compass used for orientation when 
sighting a line is not possible. 

The alternating current for the source loop, of 
frequency in the 500 to 2000-cps range, is produced 
by a simple vacuum tube oscillator contained, with 
its batteries, in a metal box on a pack frame. The 
box contains all the oscillator components except 
the loop and its tuning capacitor. The capacitor is 
inside one of the upper spokes of the loop support. 
A control switch for the oscillator is also located on 
this leg. 
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Fig. 3—Part of survey by the in-line method over lines 
perpendicular to strike. 


For work in areas near the interfering noise of 
power lines, some of the source units have been 
equipped with clockwork-driven switches with 
which the oscillator output can be pulsed at about 
1 per sec. This makes the signal tone as heard in 
the receiver easier to distinguish from other sounds. 

Receiver Unit: The 16-lb receiver unit consists of 
about 500 turns of wire on a 13-in. diam form, to- 
gether with an amplifier and headphones. The coil 
is tuned to the frequency of the source by a capac- 
itor in its junction box. For work in unpopulated 
areas, where there are no power lines, untuned am- 
plifiers of the hearing-aid type are used. In other 
areas, amplifiers are tuned to the source frequency. 

The receiving coil is used to measure the angle 
of inclination from the horizontal of the magnetic 
field produced by the source. To make this possible, 
a pendulum inclinometer is attached to the coil. 
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Fig. 4—Survey by broadside method over same area as in 
Fig. 3. Source-receiyer alignment now along strike instead 
of perpendicular to it. 
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Fig. 5—Results of scale model broadside survey over the 
metal sheet of Fig. 2. Source-receiver alignment 10° off 
strike. Data plotted at receiver positions. 
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Fig. 6—Results of scale model broadside survey over a 
metal sheet as in Fig. 5, but with source and receiver inter- 
changed. 


The oscillator produces enough signal strength 
from the source to allow measurement of inclination 
angles with about 1° precision with a source-re- 
ceiver separation of 400 ft. This separation is large 
enough to give effective low cover in areas like the 
Canadian Shield. It is small enough to allow ready 
communication between operators, which has been 
found desirable. 

Operation: Two procedures are used. In one, 
known as the in-line method, source and receiver 
travel in tandem along the same line, maintaining 
the standard separation. Measurements are made at 
100 or 200-ft intervals. During a measurement the 
plane of the source is oriented to pass through the 
receiver station. The survey line is usually at an 
angle of 30° to the expected direction of orebodies, 
as a compromise between efficient coverage of the 
area involved and maximum excitation of buried 
conductors. 

In the other procedure, known as the broadside 
method, the lines are run perpendicular to the ex- 
pected strike direction and 400 ft apart. Source and 
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Fig. 7—Anomaly over a steeply dipping graphitic conductor, 
showing the effect of a change of strike. Data on lines 1 to 3 
indicate dip to the northeast. 


TRANSACTIONS AIME 


receiver move along adjacent lines, maintaining the 
source to receiver line along strike. 

The in-line procedure has been found especially 
useful, since it can be used without the cutting and 
staking of lines that is necessary in many other 
methods. In clear or lightly timbered areas the en- 
tire survey can be performed by a two-man crew, 
with the receiver operator in the lead running the 
line by pace and compass. In heavy timber it has 
been found convenient for a third man to run and 
mark the line, cutting only as much as is necessary. 
Rate of surveying has been found to be from 8000 
ft of line per day in thick woods to 12,000 ft or more 
in lightly timbered areas. 

An example of the kind of anomaly obtained by 
the outline procedure is shown in Fig. 1. This is a 
reproduction of data taken with a scale model ap- 
paratus. The conductor was a metal sheet 6.5 x 2.5 
ft. Its top edge was 6 in. below the traverse line, its 
strike direction 15° from the traverse direction, 
and its dip 60°. The source-receiver separation used 
was 4 ft. Data are plotted at the positions of the re- 
ceiver. 

The broadside procedure is used for detail sur- 
veys over conductors already discovered, or for sur- 
veys in heavily timbered areas where line cutting 
is necessary or where lines are to be cut for other 
purposes. Because of the previously cut and marked 
lines, rate of progress by this method may be 15,000 
ft or more per day. Scale model data in Fig. 2 il- 
lustrate the kind of results obtained. 

As before, data are plotted at the receiver posi- 
tions. For clarity in plotting, the amount of the 
magnetic field inclination at a given receiver posi- 
tion is represented by the length of a line drawn 
from that position toward the source position, and 
the direction of this inclination is shown by a flag 
on the side of this line. The tips of the lines are 
connected by envelope curves, solid or dashed ac- 
cording to the direction of the inclination. The 
point of inclination is then marked by a cusp. It may 
be noted that the length of the anomaly pattern is 
about equal to that of the conductor plus the source- 
receiver separation. 


Effect of Alignment on Anomaly Strength: Sur- 
veys are made with source-receiver alignment 
either along the strike direction or not more than 
30° off. Consideration of the geometry of the field 
from the source indicates that the anomaly produced 
by a sheetlike body should decrease rapidly for 
larger angles off strike. 

A case in point occurred in a survey over an area 
shown in part by Fig. 3. In this area lines already 
cut in a north-south direction were used for a sur- 
vey by the in-line method. There is little evidence 
of the presence of a conductor in the data of Fig. 3, 
in which the small deviations from zero inclination 
do not differ greatly from those generally found 
over the entire area surveyed. 

Later the area was covered by a broadside sur- 
vey on the same lines. In this survey the source- 
receiver alignment was east-west. The data, re- 
produced in Fig. 4, contain a prominent set of 
anomalies indicating the presence of a shallow con- 
ductor. The strike direction of the conductor is at 
right angles to the direction of the traverse lines, 
a fact which explains why so little evidence of the 
conductor was found in the original survey. 

Effect of Alignment and Dip of Conductors on 
Anomaly Character: The scale model studies that 
have been made show some interesting features of 


JULY 1957, MINING ENGINEERING—779 


5 
© ¢ 
4 4 ) 
| 
N 
y 
R 
NORTH 


the data that may be obtained by the procedures 
described. One of these features is illustrated in 
Figs. 4, 5, and 6. These show model data taken with 
the metal sheet of Fig. 4, but in Figs. 5 and 6 the 
source-receiver alignment is 10° off strike. The ar- 
rangement is the same in Figs. 5 and 6 except that 
in Fig. 6 the positions of source and receiver are 
reversed. 

In Fig. 5 it is seen that the maximum measured 
inclination to the right of the top edge of the con- 
ductor (footwall side) is greater than that to the 
left (hanging wall side) whenever the traverse line 
on which the source moves passes over the con- 
ductor. When the receiver passes over the conductor 
but the source does not, the inclinations to the left 
of the top edge are greater. 

Fig. 6 shows that with positions of source and 
receiver interchanged, the inclinations to the left of 
the top edge are larger as long as the receiver 
passes over the conductor. 

When the alignment of source and receiver is 
along strike, the direction of dip of the conductor 
can be deduced. (See Fig. 5.) However, when the 
alignment is not quite along strike, the data may 
leave the dip direction indeterminate. This is il- 
lustrated in Fig. 7, which shows the results of two 
broadside surveys over a steeply dipping geological 
conductor. In one survey the source was northeast 
of the receiver, in the other southwest of the re- 
ceiver. The data on lines 1, 2, and 3, where the 


alignment is parallel to the conductor, indicate that 
the dip is to the southeast. However, the data on 
lines 4 to 7, southwest of the bend in the conductor, 
could indicate a dip in either direction. 

The equipment and procedures described have 
been used for several years with satisfactory re- 
sults. Commonly, the in-line procedure is used for 
reconnaissance surveys, except in very difficult ter- 
rain, or when lines are to be cut for other purposes, 
when the broadside procedure is used. The broad- 
side procedure is preferred for detail surveys after 
conductors have been found. 
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Utilizing and Disposing of 
Waterborne Industrial Wastes 


Fact finding and applied research are needed to control 
waterborne mineral wastes and to use them economically. 


by A. A. Berk 


| pees technology and the slow spread of in- 
formation have been the chief obstacles to wide- 
spread participation in minimizing the industrial 
pollution load. These obstacles can be conquered by 
fact finding and applied research. 

There are three aspects to the problem of water- 
borne mineral waste: to minimize the amount being 
thrown away, to select a predisposal treatment, and 
to use the products or dispose of them. 

It is often possible to minimize the waste by 
making very minor changes in the process that 
produces it. For example, a manufacturer of auto- 
mobile bumpers greatly reduced the dragout from 
a plating bath by modifying the design and position 
of two boltholes.’ A plater of automobile hubcaps in- 
stalled a drainage bar and decreased the loss of 
chrome-plating solution to the rinse water by about 
80 pct.* The mill at a western mine found it possible 
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to discard 60 to 70 pet of an ore with minimum 
treatment,’ so that the processing effort could be 
concentrated on a high-graded slime, with signifi- 
cant reduction in costs and improvement in re- 
covery. 

The possibilities for waste reduction through 
process changes are limited only by the imagina- 
tion. A recent patent points out the advantages of 
using No. 1 fuel oil instead of water in wet-process 
cement making;* the fuel oil presumably has better 
properties than water for this purpose and is said 
to be almost completely recovered or utilized, so 
that there is no waterborne waste. 

Recycling to reduce wastes and improve process 
economy is very well illustrated in vanadium and 
uranium recoveries from relatively low grade ore. 
Ores containing 6 pct calcium carbonate were found 
to give poor vanadium recovery by the salt-roasting 
process because the vanadium was converted to 
water-insoluble calcium vanadate. Following the 
salt-roasting process, sulfuric acid was used to leach 
the uranium. Enough calcium sulfate was formed 
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in this step to set as a plaster of paris and interfere 
with percolation of the acid. Research showed that 
a sufficient amount of waste hydrochloric and sul- 
furic acids could be obtained from roaster-gas 
scrubbers to neutralize the calcium carbonate in the 
ore before it was salt-roasted. This not only proved 
to be a very good method of neutralizing waste acid, 
but also eliminated difficulties generally encoun- 
tered with high-lime ores.’ There was even an over- 
all reduction of acid consumption in the process. 

A large lime producer has found a solution to a 
serious disposal problem by changing a relatively 
simple process. Air pollution from rotary kilns was 
being controlled by washing the dust-laden gases. 
Sulfur oxides from the coal contributed to the 
supersaturation of the washings with calcium sul- 
fate, and lime salts crystallized on all surfaces in 
contact with the wash water, including the piping. 
In addition, huge quantities of ash-contaminated 
solids were accumulated after a few months of oper- 
ation. Replacing the coal with natural gas from a 
local source has virtually eliminated the sulfur 
contamination.® Also, the ash-free dust is relatively 
pure white lime and well worth recovering in a dry 
scrubber. Dry removal of a large part of the dust 
greatly reduces the load on the wet scrubber and 
makes it possible to stabilize the washings by using 
part of the carbon dioxide in the kiln gases to con- 
vert the dissolved calcium hydroxide to calcium car- 
bonate. The clarified wash water is available for re- 
cycling. 

Evaluation of Tailings: Another advantage of a 
process review is that the operator becomes aware 
of the large processing investment being thrown 
away in the tailings. This in itself should be an in- 
centive to determine exactly what is wasted and in 
what quantity. Such surveys have led many pro- 
ducers of sand and gravel to extract fine sizes of 
sand from wash water, using Dutch wet cyclones 
especially adapted for this purpose.‘ Needed grades 
of fine sand were thus obtained more cheaply than 
by other methods, and waterborne wastes were 
significantly decreased. 

The importance of finding out what is being 
thrown away should need no stressing. Phosphate 
miners in Florida developed a good-sized subsidiary 
industry when uranium was found in important 
quantities.” A large fertilizer industry is based on 
waste sulfur, recovered in gas scrubbers.” Zinc and 
lead tailings were important sources of these metals 
in a war economy.” Tailings from local washing 
operations have been found well suited for the raw 
material needed by a lightweight mineral-aggregate 
industry. Anthracite fines have been successfully 
and advantageously recovered from culm,” often 
from deposits already polluting streams and rivers. 

These are just a few of the process and control 
changes that have resulted in less waste and im- 
proved process efficiency. Other examples could be 
chosen, such as the improvements in process equip- 
ment to obtain more complete separations and to 
decrease the quantity of undesired material sent 
from one unit process to another. Analytical tech- 
niques have been developed as rapid control meth- 
ods for monitoring stepwise processes, and such 
instruments as the polarograph” and spectrograph 
are receiving special application for rapid deter- 
mination of metal concentrations at various stages 
in mineral processing. 

Acid Mine Water: There is one outstanding ex- 
ception to the premise that adequate information 
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is a prerequisite for controlling wastes or using 
them economically. This exception is the acid water 
from coal mines. The magnitude of this waste in 
terms of sulfuric acid pollution is huge, but indi- 
vidual sources contribute relatively small quantities 
so diluted with water that accepted technologic 
practices cannot be applied advantageously. Neu- 
tralization is a practical impossibility, if only be- 
cause of the high alkali requirements and the re- 
sulting poor water quality. It is noteworthy that 
coal mine acid is exempt from the new basic treat- 
ment requirements adopted for industrial waste in 
the Ohio River valley.* 

However, it is known that the acid wastes will 
not form unless sulfidic mineral matter is reacted 
with air and water.“ Important strides have been 
made by sealing abandoned coal mines to prevent 
access of air. In Pennsylvania and West Virginia it 
has been demonstrated that pollution load can be 
controlled by diverting as much water as possible 
from the mines.” Covering up the pyritic shale and 
reject coal from stripping operations accomplishes 
the double purpose of limiting the access of both air 
and water.” It is especially encouraging to note a 
recent report that the industry, in particular the 
Indiana Coal Producers Ass’n, is actively supporting 
pollution control, using these methods.” 

Several years ago it was announced that a chem- 
ical method of control had been developed at Johns 
Hopkins University. This research is a step in the 
right direction and, when the work is discussed 
more openly, could well lead to a practical and eco- 
nomical method for controlling nature’s huge pro- 
duction of sulfuric acid. 

Predisposal Treatment: Most waste disposal prob- 
lems in industry will still be troublesome after they 
have been diminished by good housekeeping and 
process improvement. In the mining industry the 
principal waterborne wastes are the fines and tail- 
ings from ore and coal washing or from a variety of 
milling operations including flotation and gravity 
separation. Unfortunately, the small particle size 
that facilitates processing and makes for more com- 
plete mineral upgrading also promotes movement 
of the tailings into the streams. 

Soluble wastes also may be troublesome. The 
more specialized problem of coal-mine acid is dupli- 
cated on a smaller scale in metal mining. It is not 
uncommon to find soluble toxic materials such as 
lead, copper, and zinc salts in mine waters, and 
many of these waters are acid. A current problem 
in the Ohio River valley is the rising manganese 
content of the water. In a class by itself is the brine 
removed with petroleum from oil wells, often in 
such quantity that its discharge to local streams 
would make the water brackish and unfit for in- 
dustrial or domestic use. 

Wastes of the mineral processing industries are 
more varied. Tailings from flotation mills may con- 
tain kerosene and other oils, as well as a variety of 
beneficiating chemicals. Other mills discharge cy- 
anides. Wet processes contribute acids, alkalis, and 
a variety of salts. The manufacture of iron, steel, 
and other metals produces liquid wastes ranging 
from palm oil to strongly acidic pickling liquor. 
Coking and gas-making add phenols and other un- 
desirables. Operations closely allied to the mineral 
industries contribute metal-bearing plating wastes, 
lubricating oil, and a heterogeny of suspended 
matter. 

Many of these waste problems yield quickly to 


JULY 1957, MINING ENGINEERING—781 


applied technology. Others cannot be solved by any 
economical or practical solution now known, and 
there is great need for basic research on such wastes 
as pickle liquor and acid mine water. 

Material in Suspension: The mining industry’s 
chief problem is material in suspension, and a va- 
riety of sedimentation schemes have been devised to 
cope with it. Northwestern miners dammed the 
streams that received tailings. This practice clari- 
fied the water that flowed over the dams, but all too 
often a cloudburst washed everything downstream, 
covering arable land with silt. Research in the 
Coeur d’Alene area“ showed that effective control 
could be established by dredging basins in the path 
of water to receive the periodic flows of sediment. 
At the other extreme, the pebble-phosphate indus- 
try in Florida has resorted to immense settling areas 
through which the waste water flows, often in 
tortuous channels, to rid it of the slimes from wash- 
ing, screening, and flotation processes. Research at 
the University of Florida” has shown that this 
method is successful both with respect to complete- 
ness of sedimentation and re-use of the clarified 
water. Culm is now kept out of the Schuylkill 
River by a well engineered series of sedimentation 
channels. Relatively small flows receive adequate 
settling time in parallel tanks. 

A settling basin, to be effective, must provide a 
low flow rate for the waste water and retain it long 
enough to permit substantially complete clarifica- 
tion. Also, there must be provision for bypassing 
the flow through a parallel unit while accumulated 
silt and sludge are removed. Very few basins were 
found to conform to these requirements when the 
U. S. Bureau of Mines very recently made a survey 
in New England,” and the effluents frequently were 
about as turbid as the untreated wastes. In many 
instances there simply was not enough land avail- 
able for adequate sedimentation basins. 

There are other methods of clarifying water. 
Thickeners are used where the coarser part of the 
load is worth recovering, and valuable slimes are 
often filtered. However, thickening and filtration 
are expensive and usually justified only by the 
value of the recovered solids or the need for the 
clarified water. 

Much research has been done on accelerated sedi- 
mentation, and a variety of materials called floccu- 
lation aids are now available. Examples are Aero- 
flocs (American Cyanamid Co.), Separan (Dow 
Chemical Co.), Lytron (Monsanto Chemical Co.), 
and Formula 600 (National Aluminate Co.). One 
pound of flocculation aid per hour is said to treat 
waste flows of 10,000 gpm” so that the silt burden 
in the water drops from 3 or 4 pct to well below the 
1000 ppm permitted by some states. With tungsten 
slimes the capacity of existing thickeners and filters 
has been greatly improved by about 0.1 lb of addi- 
tive per ton of dry material recovered.” Reports on 
this application indicate speedier, more complete 
separations and much drier products than from un- 
aided processing. Applications have been reported in 
a number of coal washeries, blast furnace gas wash- 
eries, ore dressing mills, and dredge ponds. Other 
useful results are better separations of copper con- 
centrates and the clarification of thickener under- 
flows in cyanidation plants. 

Although the flocculation process is not com- 
pletely explained, the function of the flocculation 
aid appears to be to change the electrical environ- 
ment around each tiny particle by attaching itself 
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to the particle, afterward forming bridges between 
adjacent particles so that coagulation and rapid 
sedimentation take place. Some promotional litera- 
ture has claimed that settling rates are increased 
more than 40 times. Where the suspended matter 
in waste water is worth recovering, flocculation aids 
are well worth the research necessary to determine 
application rates for required effectiveness and costs 
in relation to recoverable values. This research has 
a practical side, since it is not economical to feed an 
expensive chemical in large amounts to increase the 
rate of settling 20 times when a slower rate of set- 
tling, obtainable with less chemical, will fit better 
into the flow diagram of the process. 

Despite these advances, there is great need for 
basic research toward less expensive flocculation. 
One company estimated that it would cost $40 per 
day to halve the retention time necessary to achieve 
a 90 pet reduction in suspended solids, initially 2000 
ppm, in blast furnace gas wash water entering the 
launder at the rate of about 10,000 gpm. This cost 
would be offset by the recovery of about 80 tons of 
flue dust per day and therefore was not unreason- 
able. A similar charge against a sand and gravel 
washery, where the only utilization of the sus- 
pended matter might be land fill, would not be very 
attractive. 

Although flocculation aids offer the most promis- 
ing field for basic research in sedimentation, proc- 
esses involving chemical coagulation reactions or 
agglomeration through sonic phenomena might well 
have superior application to special problems. Me- 
chanical devices for increasing gravitational effects, 
such as the wet cyclone, also have special fields of 
usefulness, especially when one species or size in the 
sediment must be separated from the remainder. 


Materials in Solution: Research on the steel in- 
dustry’s pickle-liquor problem is once again active. 
Some of the larger steel companies are currently 
making a pilot plant study” of an Austrian process 
that uses hydrochloric acid gas to remove the con- 
taminating iron from the liquor so that the sulfuric 
acid is regenerated and may be recycled. In England 
a pilot plant study™ is being made of an evaporation 
process that removes the iron as the sulfate mono- 
hydrate, which is then decomposed to sulfur dioxide 
as a step toward recovering the sulfuric acid. This 
activity could well be supplemented by additional 
vigorous research on methods of conserving the sul- 
furic acid and on integration of this conservation 
with steel processing. 

Much research has been done on removing valu- 
able metals from wastes by chemical processes and 
by ion exchange methods. Ion exchange has been 
made especially attractive for concentrating and re- 
covering salts of copper, nickel, and chromium.” * 
Additional research, especially designed to help the 
small plater, should be directed toward developing 
continuous ion exchange processes.” These would 
lessen the need for storage tanks and would there- 
fore be especially attractive to operators with space 
problems, thus decreasing the aggregate pollution 
from plating wastes and effecting valuable recov- 
eries of important metals. 

Other soluble wastes, such as phenols and cy- 
anides, are receiving much current attention in re- 
search laboratories. Phenol recovery is being prac- 
ticed on an increasing scale by coke plants, and the 
petroleum industry has shown that residual phenol 
can be substantially removed by controlled bac- 
terial action.” Cyanide studies have shown that con- 
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trol can be effected by careful aeration or by oxida- 
tion with chlorine or ozone. It is noteworthy, how- 
ever, that at least one processor is recovering cy- 
anide by multiple-effect evaporation” from a dilute 
waste that is sent to the still at the rate of 100 gal 
per hr. The fact that this plant recovers the cyanide 
for 18¢ per lb when it would cost 60¢ per lb to 
destroy it with chlorine emphasizes the need for 
careful research and appraisal before a predisposal 
treatment is adopted. 

Other soluble waterborne wastes are important 
in the mineral industry. In some instances available 
dilution is sufficient for a practical solution. For 
example, consumers downstream from a graphite 
mine complained about the taste of the pine oil 
used to float the graphite. The major research in- 
volved developing a method for determining pine 
oil in water.” By using this method it was shown 
that obnoxious concentrations of pine oil were found 
in the stream only occasionally. Impounding the 
waste water behind a dam equalized the concen- 
tration to a very small and nearly undetected level. 

There is now a developed technology from which 
answers may be obtained for many of the predis- 
posal treatment problems of the mineral industry. It 
is not always clear to the plant or mine operator 
where to look for this information. It might be well 
to remember that most Federal agencies have spe- 
cialists who are ready to draw on the accumulated 
technical knowledge of their agencies to supply the 
correct answer and that the USBM is especially 
equipped to serve the mineral industry. 

Disposal of Wastes: The ultimate disposal of the 
mineral wastes, both treated and untreated, de- 
pends a great deal on local conditions and local 
restrictions. Convenient streams and sewers can be 
utilized when the waste waters have been suffi- 
ciently decontaminated. A du Pont plant in Texas 
follows the practice of deep-well injection of brines 
and other chemicals.” This reinjection method was 
originally developed and applied successfully to oil- 
field brines by the USBM.” The judicious surface 
and subsurface disposal of liquid wastes may be an 
important method of controlling watershed pollu- 
tion in areas where geologic and engineering factors 
permit such disposal. 


Frequently the waste water has a quality that is 
superior for the plant processes to that of raw water. 
This may arise from removal of hardness or some 
other undesirable component from the water during 
its progress through the plant, or it may have picked 
up a significant content of chemicals that it would 
be advantageous to recycle. In some instances the 
waste water is warm, and its heat content is worth 
saving. Where water is scarce, as at the Kaiser 
Steel Co. at Fontana, waste water is re-used 
through necessity, and the refuse from one system 
becomes the supply for the next.” The research re- 
quired for reclaiming even grossly contaminated 
process waters has in many instances been repaid 
by water savings, independence from a variable 
water supply, and greater plant efficiency. 


Often most of the waste water could be re-used 
if it were not contaminated by a relatively small 
volume of concentrated waste. This situation may 
arise from the periodic discharge of pickling baths 
or plating solutions. In such instances segregation 
can usually be practiced profitably, both with re- 
spect to predisposal treatment and ultimate dis- 
charge. The slow bleeding of concentrated wastes 
into the plant’s sewer may result in enough dilution 
to meet local requirements. If so, the cost of a re- 
taining tank will generally be much less than that of 
a treatment plant. In any instance, it is axiomatic 
that batch disposal creates the severest possible 
shock on any living organism in the stream and 
that equalization is the preferred technologie prac- 
tice. 


Sediment removed from mineral wastes usually 
becomes land fill or stope fill in mines. However, the 
sediment is occasionally too valuable for this pur- 
pose and is returned for further processing. For 
example, the Bethlehem Steel Co. at Bethlehem in- 
stalled a treatment plant to remove blast furnace 
flue dust from wash water. This operation not only 
produced an acceptably clean effluent, but so much 
ore is being recovered that the plant showed a profit 
of more than half a million dollars in its first year.” 
Although sediment does not often have a value of 
$9.51 per ton, it is good business to look for values 
in what is being thrown away. 
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Synthesis Some Ferrites 


by Horst Kedesdy and Arthur Tauber 


ERRITES are sintered metallic oxides of the 

spinel structure type’ and belong to the class of 
soft ferromagnetic materials. Similar to a ceramic, 
they can be formed and fired to a dense body, ex- 
hibiting a high electrical volume resistivity ranging 
from 10’ to 10° ohm-cm as compared with 10° ohm- 
cm for some of the metallic magnetic materials. 
This high resistivity, with resulting low eddy cur- 
rent losses, finds special application at high fre- 
quencies. The dispersive susceptibility of ferrites 
at microwave frequencies has also led to many ap- 
plications in this field. Where high resistivity with 
high permeability is desirable, ferrites are used in 
low frequency applications. During the last few 
years ferrites exhibiting rectangular hysteresis 
loops have been developed for computer and mag- 
netic memory systems. 

The general formula for ferrites is MeFe.O, 
where Me is a divalent metal ion such as Ni, Zn, 
Mg, Mn, Cu, Cd, and Fe. Only two of these ferrites 
are nonferromagnetic, namely, those with Zn and 
Cd. Solid solutions can be formed between different 
ferrites, and it is of interest to note that solid solu- 
tions of a ferromagnetic ferrite with a nonferro- 
magnetic ferrite yield much better magnetic mate- 
rials than the basic ferrite body. In general, it can 
be said that the solid solution formation between 
ferrites has widened the field of ferrite synthesis 
and has led to methods of preparing materials with 
a large variety of magnetic properties. 

During the last two decades the synthesis of 
ferromagnetic oxides has been the object of exten- 
sive research, but commercial production has been 
started only within the last ten years. Along with 
more fundamental studies, there remains the never- 
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Branch, U. S. Army Signal Engineering Laboratories, Fort Mon- 
mouth, N. J. J. A. TAUBER is also with the Signal Engineering 
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TP 4600CH. Manuscript, Sept. 11, 1956. New York Meeting, 
February 1956. 
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Fig. 1—Reaction mechanism for Ni-ferrite formation. (After 
C. Wagner.*) 


ending task of developing ways to realize the op- 
timum characteristics of materials in large-scale 
production. Ordinarily, to produce a ferrite material 
it is necessary for the constituent oxides to be mixed 
intimately, pressed, and then fired at temperatures 
above 1000°C. 

Ferrite Synthesis: Formation of a basic ferrite by 
solid state reaction from Fe.O; and a monoxide such 
as NiO, under normal atmospheric conditions, is 
governed by a progressive diffusion of cations be- 
tween adjacent particles of the constituents. Firing 
temperature, furnace atmosphere, and cooling can 
vary the magnetic properties, however. If, for ex- 
ample, a dioxide, a sesquioxide, or an oxide of the 
MeO type is substituted for the monoxide, the re- 
action mechanism becomes more complex and ex- 
tremely dependent on atmospheric conditions and 
firing cycles. For this reason reproduction often 


Table |. Spectrochemical Analysis of the Constituent Oxides and Fired Toroid Cores* 


Element 
Analyzed for Fe,0; MnCoO; NiO NiFe2O, MnFe20,4 

Si 0.01 <0.01 0.06 0.1 0.1 0.01 

Al 0.01 0.01 0.005 0.02 0.002 <0.01 

Fe Major <0.01 Not detected Major Major Major 

Mg Not detected 0.01 Not detected Not detected Not detected <0.01 

Ca Not detected <0.01 Not detected Not detected Not detected 0.01 

Pb Not detected <0.02 Not detected Not detected Not detected Not detected 
Sn Not detected Not detected Not detected Not detected Not detected Not detected 
Ti <0.01 Not detected Not detected Not detected Not detected n 

Vv <0.01 Not detected Not detected Not detected Not detected Not detected 
cr <0.01 Not detected <0.001 Not detected Not detected Not detected 
Mn 0.01 Major 0.01 <0.01 <0.01 Major 

Cu <0.01 Not detected 0.002 0.003 0.003 <0.01 

Ni 0.01 Not detected Major Major Major 0.01 

Zn. Not detected Not detected Not detected Major Major Not detected 


* Results are in weight percent. 
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Fig. 2—Bulk density apparatus. 


fails even in cores from the same batch material, 
with the same magnetic properties. Synthesis of a 
ferromagnetic oxide of final magnetic properties 
consists not only of a completion of the solid state 
reaction between the constituent oxides to form the 
spinel structure, but also in the densification of 
material, diffusion of the cations to form a homoge- 
neous body, and grain growth. 

This article discusses results of systematic inves- 
tigations of the formation of a basic ferrite, such 
as Ni ferrite; a mixed ferrite, such as NiZn-ferrite; 
and a ferrite involving a complex formation process, 
such as Mn-ferrite. Trends in magnetic charac- 
teristics are related to change in firing cycle and 
furnace atmosphere. 

Specimen Preparation and Testing Procedures: 
For synthesis of Ni- and NiZn-ferrite, constituent 
oxide mixtures consisted of Fe.O,; with NiO and 
with NiO + ZnO (1:1); for the Mn-ferrite syn- 
thesis an oxide mixture of Fe,O, and Mn,O, was 
chosen. 

Single-phase Baker-analyzed reagent NiO, Fisher 
ZnO, and Fe.O; of C.P. grade were used in prepar- 
ing the samples. Mn,O, was prepared from Fisher 
C.P. grade Mn,O, by heating in air at 1000°C for 
1 hr and air quenching to room temperature. The 
sample was then reground, reheated for another 
hour at the same temperature, and then quenched 
to room temperature. Particle size, as determined 
by electron microscopy, was about 0.0ly for Fe.Os,, 
for NiO, and ly» for Mn,Q,. 

Pellets %2-in. OD and 4 in. thick, pressed at 25,- 
000 psi, were used for the solid state reaction 
studies. The pellets were prepared from the pow- 
dered oxides, which were dried overnight at 110°C. 
The exact weights of oxides were measured, mixed, 
and ground in the dry state in a boron carbide mor- 
tar for about 3 hr. 
dicated no contamination from the mortar. 

For the magnetic studies toroids were selected, 
prepared by mixing and grinding carefully weighed 
constituent oxides. The dry oxides were ground in 
a boron carbide mortar in 3 hr. Subsequently each 
mixture was pressed into pellets at 25,000 psi, cal- 
cined in static air at 950°C for 5 hr in a globar fur- 
nace, and cooled by air quenching. The calcined 
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Fig. 3—Ferrite formation from X-ray diffraction data. 
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Fig. 4—The Mn-ferrite formation under different firing conditions. Wide columns indicate major phase and narrow columns minor 


phase. 


product was broken up in a steel mortar and trans- 
ferred to a motorized mullite mortar, where it was 
ground with water for 2 hr. The resulting cake was 
dried out at 110°C and the material passed through 
a series of sieves; the last increment contained par- 
ticles that had passed through a No. 150 Standard 
U.S. sieve. 

For every 50 g of sample, 2 cu cm of a 4 pct 
aqueous solution of DuPont Polyvinyl alcohol were 
added as a binder. The binder was volatilized as 
the toroids were heated slowly during the appro- 
priate firing cycle. Spectrochemical analyses of 
these toroids are given in Table I. All pellets and 
toroids were fired in a Baker E-2 platinum wound 
resistance furnace. Both pellets and toroids were 
fired for 5 hr, at the final temperature, with the 
following firing cycles: 

A. Heated and Slow-Cooled in Air: Samples 
heated in this cycle were brought to the final tem- 
perature at about 150°C per hr. After the samples 
were soaked 5 hr, the furnace was turned off and 
the cooling followed a parabolic curve; room tem- 
perature was reached in 2 to 3 hr, depending on 
the soak temperature. 

B. Heated in Air and Quenched in Air: The heat- 
ing cycle was the same as in A. Cooling, however, 
was accomplished by removing the sample from the 
furnace at its soak temperature, then permitting 
it to cool to room temperature on a ceramic block; 
cooling time was no longer than 10 min. 

C. Heated in Nitrogen and Slow-Cooled in Ni- 
trogen: The heating cycle was the same as in A and 
B except that a nitrogen atmosphere, at a pressure 
slightly above atmospheric and at a flow rate of 0.5 
liters per min, was maintained throughout the entire 


firing cycle. After 5 hr of firing the furnace was 
turned off and the sample left to cool. Here, a nitro- 
gen stream was maintained until room temperature 
was reached to speed the cooling process in this part 
of the cycle. 

D. Heated in Air and Quenched in Water: This 
additional firing cycle, used in the study of Mn-fer- 
rite, applies to formation studies only. The heating 
cycle was identical to the cycle for samples fired 
previously. The sample was then removed quickly 
from the furnace while it was at soak temperature 
and dropped into distilled water, cooling to room 
temperature within 8 sec. Firing temperatures 
ranged from 600° to 1400°C for the solid state re- 
actions and from 1000° to 1450°C for the magnetic 
studies. 

X-Ray Diffraction Studies: X-ray diffraction was 
used to study the solid state reaction. FeKa-radia- 
tion, filtered through manganese oxide, was used 
throughout. Both Debye-Scherrer powder film pat- 
terns and diffractometer traces were prepared. The 
film patterns were made by grinding to a powder 
the sintered ceramic material from the central por- 
tions of pellets or toroids. Diffractometer traces 
were prepared from powdered samples, as well as 
from unmodified and polished surfaces of the sin- 
tered ceramics. 

Magnetic Measurements: The hysteresis loop 
traces were obtained with an automatic recording 
flux meter, which produced a trace of the curves on 
standard rectangular coordinate paper. 

All toroids were wound with 3000 primary and 
30 secondary windings. The primary winding is 
used to generate the magnetizing force by ener- 


VOLTMETER 
TEST POWER WITH 
OSCILLATOR AMPLIFIER RESISTOR 
SHUNTS 
O 


gizing it with a controlled direct current; H, the 
Ny No 
=O 
DECADE 
AMPLIFIER VOLTMETER 
=O 
Lied 


Fig. 5—Schematic block diagram for determination of initial permeability of toroidal ferrite cores. 
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magnetic strength in oersted, is proportional to I, 
the magnetizing current. The secondary winding is 
connected with the integrating elements of the flux 
meter. The meter converts the change in flux, link- 
ing the search coil, to variations in current propor- 
tional to the flux density, B. The scales of the two 
mechanisms of the recorder are adjusted by the two 
currents fed to it through separate networks. The 
B element mechanism drives the pen proportion- 
ately to B, while the H mechanism drives the paper 
drum proportionately to H. The B-H loop is traced 
by constantly increasing the magnetic current from 
zero to a positive value, immediately followed by a 
cyclic reversal of the same value. All measurements 
were made at a maximum field strength (H) of 25 
oersteds. Initial permeability (u:) was determined 
with a conventional bridge circuit at 1 kc. Measure- 
ments for initial d-c permeability were made on the 
same toroids used for hysteresis loop tracing without 
a change of windings. An oscillator was used to 
drive the primary of the toroids (Fig. 3). The pri- 
mary magnetizing current and voltage and the volt- 
age in the secondary winding were measured with 
vacuum tube voltmeters. An average value for 
initial permeability was obtained for each core 
from nine individual measurements made close to 
zero field H (0-25 milli oersteds). Initial perme- 
ability can be calculated from 


B 
H 
where Be 
A: 
din 
E, = voltage in millivolts across second- 
ary winding. 
A = cross sectional area of core in cm’. 
N, = number of primary turns. 
N, = number of secondary turns. 
f = operating frequency (1 kc). 
I, = primary current in amperes. 
d» = mean diameter of core in centimeter. 


Bulk Density Measurements: Bulk density meas- 
urements were made with a device based on Archi- 
medes’ principle—a brass wire frame of about 
4x6 in. shown in Fig. 2. A small nut is soldered in 
the center of the crosspiece and into this is screwed 
a glass rod 2 in. long that terminates in a flattened 
disk. Soldered to the crosspiece on the bottom of 
the device is a brass disk that holds the weights 
used in the measuring process. The whole device 
is suspended over a small beaker of mercury. The 
sample is floated on the surface and the disk of 
the rod rests directly on it. The weights are 
placed on the brass disk until the mercury menis- 
cus is aligned with a predetermined zero point on 
the glass rod. The density of the sample is given by 


WwW. 
+ 
where 
dy, = density of mercury in g per cm’. 
W. = weight of sample in air, g. 


Wy = weight of sample in mercury, g. 


Data for densities and weights must be deter- 
mined at the same temperature. In these investiga- 
tions measurements were performed at 26°C. 
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Fig. 6—Lattice constant of Mn-ferrite ys firing temperature. 
Crosses indicate air firing and air quenching to RT; solid 
circles indicate air firing and slow cooling in furnace to RT; 
and open circles indicate firing in a gaseous N» atmosphere 
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Experimental Results 


Formation of Solid State Reaction: Ferrite forma- 
tion, as determined by X-ray diffraction measure- 
ments, begins between 650° and 700°C for both Ni- 
ferrite and NiZn-ferrite; for the Mn-ferrite, tem- 
peratures between 850° and 1000°C are required, 
depending on furnace atmosphere. The reaction 
mechanism for the formation of Ni- or NiZn-fer- 
rites from their constituent oxides can be visualized 
as a Wagner type of diffusion® at the particle inter- 
face (Fig. 1). The reaction leading to the formation 
of Ni-ferrite can be represented, for example, by: 


NiO + Fe.0O, NiFe.O,. 


Fig. 3 is a graphical representation based on X-ray 
diffraction data, obtained from powdered ceramic 
pellets, of the formation in air of Ni- and NiZn- 
ferrite. Diffraction lines of the unreacted oxide 
mixture are plotted on the left side of each diagram 
in such a way that from the top to the bottom the 
diffraction angle increases. Any change in position 
or intensity of diffraction lines, at increasing firing 
temperature, is easily noted by following the lines 
across the diagram. The right hand of the diagram 
shows the completed ferrite diffraction pattern 
(black lines). Pronounced shifts of the ferrite lines 
are seen in the first stage of formation, indicating 
crystal lattice distortion of the newly formed ferrite 
phase. This distortion vanishes as higher firing tem- 
peratures are reached. Accurate lattice constant 
measurements have shown that for bodies quenched 
from 1000° to 1200°C there is first an increase in 
lattice constant, followed by a slight decrease. The 
total change never exceeds 0.005A. A single-phase 
material is observed after firing at 1250° or higher. 
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Figs. 7, 8, and 9—Hysteresis loops of Ni, Ni-Zn, and Mn ferrites prepared under different conditions 


and ordinate scale in gauss. 
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Table Il. Chemical Reactions Governing the Formation of MnFe,O, from Mn3O, + FeO; (1:3 Mols) in Air 
and Nitrogen 


Heating in Air Atmosphere 

1. Initial mixture: 

2. At 600°C (oxidation of MngQOx,): 

2. At 950°C (reduction of Mn2O3): 

4. At 1000°C (ferrite formation and reduction): 
Heating in Nitrogen Atmosphere 

1. Initial mixture: 

2. At 850°C (ferrite formation and reduction): 


Mns04 + 1.5 MnsOg 
1.5 Mn2Oz > Mn304 + 


(MngOx + 3 Fe2Os) 
(1.5 MnzgO3 + 3 Fe2Os) 
+ 3 Fe2Os) 


+ 3 Fe2O3 > 3 MnFe2O; + (3 MnFe20,) 
(Mng04 + 3 
+ 3 FexOz 3 + %20> (3 MnFe2O,4) 


Formation of Mn-ferrite,° from mixtures of Mn,O, 
and Fe.O, fired in air, is not a simple reaction. The 
various phases detected are given in Table II. Re- 
actions that occurred in air are compared with those 
that occurred in a nitrogen atmosphere. In the ni- 
trogen-fired samples, the constituent oxides are 
present and unchanged up to the reaction tem- 
perature 850°C; the Mn,O, in the air-fired samples 
undergoes an oxidation to Mn.O, at about 600°C. 
Before Mn,O, reverts to Mn,O, at higher tempera- 
tures (950°C), solid solutions between Fe.O, and 
Mn.O, are observed. These solid solutions begin to 
dissociate (below 950°C) into Mn,O, and Fe,O,, that 
is, back to the initial constituent mixture, by a re- 
duction of the Mn.O,; part of the solid solution. The 
dissociated phases Mn,O, and Fe.O, probably still 
contain small amounts of Fe-ions and Mn-ions 
respectively. At 1000°C the ferrite formation from 
Mn,O, and Fe.O; can be represented by: 


Mn,O, + 3F.0,> 3MnFe.0, + % 


These results, obtained from X-ray diffraction 
data for both air firing and nitrogen firing, are 
shown schematically in Fig. 4. The column to the 
left of each firing cycle represents the major phase 
at different firing temperatures; columns to the right 
indicate the minor phases. For the air-fired samples, 
ferrite formation starts at 1000°C; the nitrogen- 
fired samples show the first ferrite formation at 
850°C. In the air-fired and air-quenched cycle, the 
presence of a single ferrite phase indicated that the 
reaction was completed at 1150°C; for the nitrogen- 
fired sample it was completed at 1250°C. No single 
ferrite phase material could be obtained when the 
samples were slow-cooled in air. This was deter- 
mined by examining the central portion of the ce- 
ramic pellet, using X-ray diffraction. 
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Fig. 10—The d-c hysteresis loop. 
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During formation of the Mn-ferrite phase, a 
change of lattice constant is observed which is much 
more pronounced than it is in the Ni- and NiZn-fer- 
rites. With the exception of the air-fired and slow- 
cooled sample, the lattice constant is stabilized at 
about 1400°C, Fig. 6. 


Magnetic Hysteresis Loop: The manner in which the 
magnetization B (in gauss) varies with the applied 
magnetic field H (in oersteds) for a typical temporary 
magnetic ferrite sample is shown in Fig. 10. The mag- 
netization curve shown by the dotted line is obtained 
by subjecting the magnetic material that has not been 
magnetized before to a gradually increasing magnetiz- 
ing force H. The magnetization first increases slowly 
and then more rapidly, and finally approaches a satura- 
tion value, B,. For the initial part at low fields H the 
slope of the curve has been designated as the initial 
permeability ui, frequently employed as a figure of 
merit when different magnetic materials are compared. 
The higher the initial permeability is, the greater the 
likelihood that saturation will be reached at lower 
fields, H. 

If the magnetizing force, H, is gradually reduced 
from the highest applied value to zero, the magnetiza- 
tion in the material decreases to a value B,, known as 
the residual induction. If the magnetizing force is 
then reversed (by reversing the current in the primary 
winding) and increased in the negative direction, the 
magnetization is reduced to zero. At this point, the 
value of the demagnetizing force is —Hc, known as the 
coercive force. If the field H is varied cyclically be- 
tween +H and —H, a complete hysteresis curve is 
traced out with no return to the starting point. 


Development of Hysteresis Loops: The B-H loops 
in Figs. 7-9 show the development of the magnetic 
properties of the three ferrites, as the firing tem- 
perature increases during the three firing cycles. 

1. Ni-Ferrite (Fig. 7): It is apparent from the 
hysteresis loops that the three different firing meth- 
ods applied cause no appreciable difference in the 
magnetic characteristics. From X-ray diffraction 
data it was established that the ferrite phase was 
the major phase present in the reaction product at 
1100°C. Since at this firing temperature the crystal- 
lite size is small and the body is porous with a dis- 
torted lattice, the hysteresis loop is poorly devel- 
oped. Ordering of the cations, sintering, and recrys- 
tallization take place at about 1250°C, where the 
diffraction line pattern of the ferrite is found to 
be sharp and is that of a nondistorted cubic lattice. 
At this temperature development of a character- 
istic hysteresis loop was also observed. Maximum 
flux density of the basic Ni-ferrite at a firing tem- 
perature at 1400°C is less than 2000 gauss for all 
three firing conditions; the coercive force is very 
high, ranging between 7 and 10. 

2. NiZn-Ferrite (Fig. 8): At a firing temperature 
of 1000°C the hysteresis loop is more defined than in 
the case of Ni-ferrite. This is in agreement with 
the reaction studies, where it was observed that the 
beginning of the NiZn-ferrite formation took place 
at a somewhat lower temperature. The greatest im- 
provement in development of the hysteresis loop 
can be seen in the sample fired at 1400°C. The maxi- 
mum flux density appears to be twice as large and 
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Fig. 11 (top row)—Maximum flux density ys firing temperature. Fig. 12 (second row)—Coercive force ys firing temperature. Fig. 13 
(third row)—Residual induction ys firing temperature. Fig. 14 (last row)—Initial permeability ys firing temperature. In each in- 


stance crosses indicate air firing with air quenching to RT; solid circles indicate air firing and slow cooling in furnace to RT; and 
open circles indicate firing in a gaseous Ns atmosphere with slow cooling in N» to RT. 
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Table III. Comparison of Magnetic Data of Ni-, NiZn, and Mn-Ferrite Prepared 


Under the Most Favorable 


Conditions Between 1200° and 1450°C 


Firing Bm B; Ae bhi 
Ferrite Temp, °C Gauss Gauss Bn Oersted (at 1 KC) 1 Firing Cycle 
ING 1200 300 80 0.27 22 8.5 Air fired—slow cooled 
1300 750 375 0.50 13.2 13.0 
1400 1700 1200 0.71 8.2 24.2 
1450 1630 875 0.54 5.4 29.5 
Ni, Zn— (1:1) 1200 1350 700 0.52 4.6 54.4 Air fired—slow cooled 
1300 3550 2150 0.61 162, 231 
1400 4000 2200 0.55 0.37 322 
1450 3900 2000 0.51 0.36 329 
Mn— 1200 2500 1600 0.64 2.95 100 N»2(g) fired—slow cooled (N2(g)) 
1300 3200 2200 0.68 0.89 160 
1400 3400 2500 0.74 0.88 210 
1450 3500 2800 0.80 0.63 260 


the coercive force about ten times as small as that of 
the basic Ni-ferrite. The air-fired, slow-cooled cycle 
proved to be the best of the firing conditions. 

3. Mn-Ferrite (Fig. 9): The beginning of fer- 
rite formation, as can be seen from the hysteresis 
loops, is delayed in the air-fired samples. This is 
in agreement with the solid state reaction studies 
previously described. The loops differ only slightly 
in appearance at 1100°C, while at 1400°C the loop 
of the air-fired, slow-cooled sample differs remark- 
ably from the samples fired in air and quenched 
and from the samples fired in nitrogen and slow- 
cooled. This is contrary to results obtained in Ni- 
and NiZn-ferrite. Maximum flux density is slightly 
lower than that of NiZn-ferrite, whereas the coer- 
cive forces of each are comparable. It can be ob- 
served that the Mn-ferrite exhibits a much better 
rectangular-shaped hysteresis loop than NiZn-fer- 
rite. 

Evaluation of Hysteresis Loops: Results of a more 
detailed evaluation of the loops of these three fer- 
rites are shown in Figs. 11-14, where B,,, H., B,, and 
w, for the three ferrites are plotted as a function of 
formation temperature. A set of three curves is 
given for each ferrite corresponding to each of the 
different firing conditions. 

1. Maximum Flux Density B,,: For Ni-ferrite, 
the optimum B,, for all three firing cycles occurs at 
1400°C. The sample that was air-fired and slow- 
cooled gave the highest value of about 1700 gauss. 
At a higher firing temperature, the B,, of this sam- 
ple decreases, perhaps as a result of decomposition 
and consequent Fe.O, formation. The quenched 
sample and the nitrogen-fired sample both attain 
a constant value for B,, of about 1500 gauss and are 
less sensitive to over-firing. For NiZn-ferrite, with 
a firing temperature between 1300°and 1400°C, a 
much higher value for B,, (4000 gauss) is achieved. 
The effect at 1400°C of the different firing conditions 
on the magnetic properties of these ferrites is very 
small. In Mn-ferrite it can be seen that of the three 
types of fired bodies the nitrogen-fired and the air- 
fired, air-quenched bodies show the highest B,, 
values. A maximum flux density of 3500 gauss can 
be obtained for these bodies, when fired at 1400°C, 
a value comparable to that obtained from NiZn- 
ferrite. 

2. Coercive Force H,: The coercive force de- 
creases very rapidly with increasing firing temper- 
ature. For Ni-ferrite H. = 5 is attained at 1450°C, 
and it seems that a further decrease could be ob- 
tained at higher temperatures. At about 1400°C the 
coercive force for NiZn-ferrite reaches a constant 
value of 0.25, which is twenty times smaller than 
the value found for the basic Ni-ferrite. At 1450°C 
H, for Mn-ferrite has decreased to 0.63, which is 
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about equal for all samples regardless of firing 
method. For ferrite samples fired in nitrogen at 
950°C, the lower value of H, is found in the case of 
Mn-ferrite. 

3. Residual Induction B,: B, varies in the same 
way as B,, with firing temperature. In Ni-ferrite, 
the change in B, is very sharp between 1300°C and 
1400°C; the air-fired slow-cooled samples show the 
largest value of B,. At temperatures higher than 
1400°C B, decreases rapidly, indicated by flatten- 
ing of the loop. The maxima of the curves are 
broader for NiZn-ferrite, which indicates that fluc- 
tuations of firing temperature in the 1200°C to 
1400°C range are not critical. In Mn-ferrite, B, is 
enhanced by firing in a nitrogen atmosphere. When 
Mn-ferrite is compared with the two other ferrites, 
no maximum is observed and B, increases steadily. 

4. Initial Permeability pw, (1kc): Initial perme- 
ability increases in the same manner with increasing 
firing temperature as B,, and B,. The shapes of the 
wi-curves for Ni-ferrite are very similar; the high- 
est value of 29.5 is obtained with firing in air and 
slow cooling. NiZn-ferrite shows a maximum value 
of «; = 325, which is one order of magnitude higher 
than for Ni-ferrite. A maximum value of pw, = 250 
was obtained for Mn-ferrite at 1450°C with firing in 
a nitrogen atmosphere. 


Discussion 


Studies of formation of Ni-, NiZn-, and Mn-fer- 
rites from their constituent oxides by solid state re- 
action reveal that the beginning of ferrite for- 
mation, as observed by X-ray diffraction, occurs at 
temperatures below 1000°C. After firing at 1250°C, 
the reaction is completed. At this temperature, as 
determined by magnetic measurements, magnetic 
property values of all the ferrites fall far short of 
optimum. Firing temperatures up to 1400°C (Ni, 
NiZn-ferrite)—and 1450°C or slightly higher (Mn- 
ferrite) at the favorable firing condition—are re- 
quired to obtain ferrite materials with the best pos- 
sible properties. Of the three firing conditions se- 
lected in this investigation, the air-fired and slow- 
cooled cycle is best for synthesis of Ni- and NiZn- 
ferrite. The best method for the synthesis of Mn- 
ferrite is the nitrogen-fired, slow-cooled cycle. 

Table III summarizes the magnetic data for fer- 
rites, which were prepared under the most favor- 
able conditions. The data given are for four firing 
temperatures, 1200°C, 1300°C, 1400°C, and 1450°C. 
It will be seen that the highest values for B,, and 
B, (for the firing cycles indicated) are attained at 
firing temperatures of 1400°, 1400°, and 1450°C (or 
higher) for Ni-, NiZn-ferrite, and Mn-ferrite, re- 
spectively. The values for H, and y; indicate contin- 
uous improvement as the firing temperature in- 
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Fig. 15—Density of Ni-, NiZn, and Mn-ferrite as a function 
of firing temperature. 


creases. There might be even further improvement 
if higher firing temperatures could be obtained. The 
ration B,/B,,, which is indicative of the squareness of 
the hysteresis loops, is included. It is apparent that 
Mn-ferrite would be the basis of good rectangular- 
loop material. It is known that this ferrite, when in 
solid solution with other ferrites (Zn- or Mg-fer- 
rite), shows a nearly perfect rectangular hysteresis 
loop. 

As was demonstrated, the furnace atmosphere can 
influence the magnetic properties of all these fer- 
rites. Firing in air supports oxidation, while firing 
in an inert atmosphere, such as nitrogen, supports 
reduction. In all the magnetic ferrites except mag- 
netite, it is supposed that iron is present in the 
trivalent state and that reduction would change the 
valence state from Fe” to Fe* (formation of Fe,O, = 
FeO - Fe.O,). Oxidation of the Fe-ion to a valence 
state higher than 3 is questioned. Therefore, with 
respect to the Fe-ion only, an oxidizing atmosphere 
such as air would be the most promising. For Ni- 
or NiZn-ferrite, where any change of the valence 
state of Ni or Zn in the spinel structure can be con- 
sidered negligible, air firing and slow cooling would 
again be the best choice, which was proved by these 
experiments. In the case of Mn-ferrite, air firing 
would support oxidation of the Mn-ion resulting in 
a valence state change for Mn* to Mn* (formation 
of Mn.O, or Mn,O,) or Mn** (less likely at high tem- 
peratures). Accordingly, firing in a reducing atmos- 
phere would be required; to maintain the Fe-ions in 
the +3 state, however, an oxidizing atmosphere 
would be required. The experimental results prove 
that prevention of oxidation of the Mn-ion is more 
important; the nitrogen-fired sample gave the best 
magnetic properties for the Mn-ferrite bodies. 
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Density of the fired bodies (Fig. ‘15) increases 
rapidly as the firing temperature increases and 
reaches, for Ni- and NiZn-ferrite, a maximum at 
about 1400°C; it then slowly decreases owing to 
decomposition of the material. The density of Mn- 
ferrite is still increasing at high firing temperature. 
Under the experimental conditions set up for this 
investigation, densities of 85 pct, 92 pct, and 87 pet 
of the theoretical density were obtained for Ni-, 
NiZn-, and Mn-ferrite, respectively. When Higseslel= 
14 are compared with Fig. 15, the density may be 
observed to change along with the magnetic prop- 
erties. When density is plotted against magnetic 
properties for corresponding firing temperatures, 
there is a nearly linear relationship except in the 
lowest and highest temperature regions. In the 
former the reaction is not completed, and in the 
latter, decomposition in addition to density is af- 
fecting the properties. Ideally, ferrites such as Mn, 
Ni or NiZn contain these cations in the divalent 
state and iron is in the trivalent state. Departures 
from these states are considered here as decomposi- 
tion. As the sintering temperature is increased in 
ferrites, there is a tendency for the oxygen content 
to change.” ° Trivalent iron is reduced to divalent 
iron in magnetite above 1400°C in air. When other 
cations are present, the tendency toward oxidation 
will vary. Ferrites have an equilibrium oxygen 
pressure that usually increases with temperature. 
Decomposition has been observed at the surface of 
ceramic pellets of Mn-ferrite.’ In fact, decomposi- 
tion of Mn-ferrite also occurs in the bulk, as demon- 
strated by a change in the lattice constant observed 
on central portions of the pellets. Mn-ferrite may 
decompose by either an oxidation or reduction. 
Chemical analysis should indicate an increase in the 
presence of either Mn* or Fe”. The products in 
either case will form a solid solution with Mn- 
ferrite itself. Since lattice constant is sensitive to 
changes in valence, a change in lattice constant can 
be expected. The results are qualitatively con- 
sistent with the explanation given. 

Evidence for the decomposition of Ni- or NiZn- 
ferrite is demonstrated by the reduction of density 
and magnetic properties above 1400°C. Ni* and Fe* 
are possible oxidation and reduction products. 
Vitert’ and Suchet* have both shown that either 
oxidation or reduction can be inhibited by incorpo- 
ration of small impurities such as manganese, cobalt, 
or copper oxide. A more detailed analysis is being 
made of the property changes with density and 
crystallite size. 
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Effect of Roasting on Recovery of Uranium 


and Vanadium from Carnotite Ores 


by Carbonate Leaching 


Application of the carbonate leaching process to carno- 
tite ores has often been limited by the difficulty of obtaining 
simultaneous high recoveries of uranium and vanadium. The 
chemical aspects of this problem are discussed and the effect 
of prior roasting procedures on this discovery is described. 


by J. Halpern, F. A. Forward, and A. H. Ross 


Te treating carnotite ores by carbonate leaching 
it is often necessary to subject the ore to a prior 
roast. Among the advantages that may result from 
roasting are: 1) improvement in settling and filter- 
ing characteristics of the ore; 2) destruction of 
carbonaceous impurities that would otherwise con- 
taminate the leach solution and consume carbonate 
reagent; and 3) substantial increase in extraction 
of vanadium, which is usually low when the un- 
roasted ore is leached. Recovery of vanadium may 
be an important factor in processing carnotite ores, 
and the fact that vanadium is usually recovered in 
good yield by acid leaching has often been an eco- 
nomic advantage over results obtained with car- 
bonate leaching. 

It has been found that response of an ore to car- 
bonate leaching, following roasting, depends pri- 
marily on its composition and on the conditions of 
the prior roast treatment, particularly with regard 
to the roasting temperature, the atmosphere main- 
tained above the charge during roasting and cool- 
ing, and the presence of certain reagents. These 
factors, especially the last, virtually determine the 
extractions of uranium and vanadium attainable by 
carbonate leaching, as well as the reagent consump- 
tion on leaching, whereas adjustment of the leach- 
ing conditions has only a limited influence. 

These variables were examined systematically 
to elucidate roasting and carbonate leaching of car- 
notite ores and to establish a treatment yielding high 
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Table |. Analysis of Ore Samples 


Ore A. Ore D. 
Typical Ore C. Typical 
Low-Lime Ore B. Gypsum High-Lime 
Constit- Carnotite, Carbonaceous Containing Carnotite, 
uent wt Ore, Ore, Pct Pet 
UsOs 0.24 0.30 1.23 0.38 
V205 0.97 0.82 1.16 0.95 
CaO 2.0 2.3 6.5* 8.9** 
Ss 0.3 2.5* 0.1 
FeO: 9.4 3.8 
Acid in- 
soluble 87.0 77.0 


* Present largely as CaSOs. 
** Present largely as CaCOs. 


recoveries of both uranium and vanadium. Tests 
were conducted on samples of four different Colo- 
rado Plateau ores, described in Table I. 

Roasting Procedure: The roasting tests were con- 
ducted in an electrically heated furnace in which 
the temperature was controlled to +15°C. The ore 
(usually a 500-g charge) was ground to —100 mesh, 
mixed with the desired reagent, and spread in a 
silica tray to a bed depth of about 4% in. During the 
roast the charge was rabbled at intervals of 15 min. 
To provide free access of air the furnace was usually 
ventilated; however, in a few experiments a con- 
trolled atmosphere such as carbon dioxide or hy- 
drogen was maintained above the charge. 

Leaching Procedure: The pulp, generally compris- 
ing 500 g of ore and a 2000-cc solution containing 
80 g per liter of Na.CO; and 20 g per liter of 
NaHCO., was agitated in an autoclave at 120°C, 
under 30 psi O.. Samples were withdrawn periodi- 
cally, and the solution and ore residue were ana- 
lyzed. Under the conditions employed, maximum 
attainable extractions were generally achieved in 4 
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Fig. 1—Effect of roasting in air and in CQ. on uranium and 
vanadium recoveries from D ore. Leaching 6 hr at 120°C 
with 8 pct Na2COs, 2 pct NaHCOs solution. 


to 6 hr. Final extractions were calculated, in all 
cases, from U,O; and V.O; analyses of the washed 
tailings. 

Analytical Procedures: Ores, tailings, and solu- 
tions were analyzed for U,O, with an MIT Model 
III Fluorimeter.* 

V.O; determinations were made by titration with 
standard FeSO. 

Solutions were analyzed for CO; and HCO; by 
potentiometric titration with standard HCl to con- 
secutive end points at pH 8.2 and 4.0, correcting 


for the formation of the UO.(CO,)s= complex.” 


Results and Discussion 


Composition of Carnotite Ores: The ratio of V to 
U in carnotite ores is often higher than the theo- 
retical value of 1:1 (about 0.3 parts V.O; to 1 part 
U.O; by weight) expected for the mineral carnotite 
notite ores generally contain other vanadium min- 
erals, notably roscoelite (3 (Al, V). O,- K.O- 18 
SiO, - 2 H.O), which often accounts for most of the 
vanadium present in the ore. Reference has also 
been made to the presence of vanadyl vanadates and 
calcium in some ores. 

Other uranium minerals, including primary min- 
erals such as pitchblende (U,O,) may also be pres- 
ent, although normally to a minor extent. 

Among the gangue minerals that play a particu- 
larly important role during roasting of carnotite 
ores, silica is usually present and normally consti- 
tutes the major gangue component. Calcite may be 
present, sometimes in very high concentrations (as 
in ore D). Many ores also contain some reducing 
carbonaceous matter. Sulfides are rarely present in 
appreciable amounts. Gypsum sometimes occurs as a 
major constituent, as in ore C, which was tested 
during the course of this work. 
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Carbonate Leaching of Unroasted Ores: The min- 
eral carnotite is readily soluble in solutions contain- 
ing carbonate and bicarbonate salts, according to the 
following reaction: 


K.O - 2U0, - V.0, 3H.O + + 4 HCO; > 
2 2U0,(CO,). 2 


Thus high uranium recoveries (90 to 100 pct) are 
generally obtained on leaching the raw ores, under 
most conditions, see Table II, provided that most of 
the uranium is present as carnotite. If other ura- 
nium minerals such as uraninite or pitchblende are 
present, or if the ore contains sulfides or carbona- 
ceous matter that can reduce uranium, it is im- 
portant to conduct the leach under oxidizing con- 
ditions to effect optimum recoveries. Presence of 
air or oxygen under moderate pressure has been 
found particularly effective in insuring complete 
oxidation and solubilization of the uranium.*” Pitch- 
blende, for example, reacts under these conditions 
as follows: 


3 UO,(CO,). + 3 [2] 


The leaching tests reported here were all conducted 
at 100° to 120°C, under 30 psi O., to effect the maxi- 
mum attainable uranium extraction for each roast 
treatment. 

Although any vanadium which is present in the 
form of carnotite also is dissolved readily by car- 
bonate-bicarbonate solutions, other vanadium min- 
erals such as roscoelite, which often account for 
most of the vanadium in carnotite ores, are not 
readily attacked. Thus vanadium recoveries on 
leaching raw carnotite ores are often low, ranging 
from 10 to 40 pet for most ores (see Table II). Usu- 
ally the amount of vanadium that dissolves is re- 
lated to the uranium content of the ore, although 
some variation in this ratio is observed for dif- 
ferent ores, the value often being higher than the 
theoretical carnotite ratio of 1:1. In any case, the 
amount of vanadium that can be extracted by car- 
bonate leaching apparently is determined by the 
mineral constitution of the ore and is usually in- 
sensitive to variations in leaching conditions such as 
temperature, oxygen pressure, and solution compo- 
sition. 

To achieve substantially increased vanadium re- 
coveries it is necessary to transform the refractory 
vanadium minerals such as roscoelite into more sol- 
uble compounds. This transformation can be 
achieved only at elevated temperatures, i.e., by 
roasting the ore under suitable conditions and in the 
presence of suitable reagents. The difficulty of find- 
ing an effective roast treatment for this purpose is 
enhanced by the fact that such treatments often re- 
sult in the insolubilization of some of the uranium. 
The following sections are devoted to a discussion of 
the effects of roasting carnotite ores in the presence 
of different reagents. 

Roasting Siliceous Ores: With ores such as A and 
B, which are largely siliceous and which do not 
contain appreciable amounts of reactive calcium and 
sodium salts, it is generally found that roasting at 
temperatures up to 850°C has only a moderate effect 
on subsequent uranium or vanadium recoveries 
(Table II). A slight reduction in uranium extraction 
usually results, probably owing to the formation of 
uranyl silicates, a number of which are known— 
for example, UO, 7SiO,. However, these do not 
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Fig. 2—Effect of CaSO; addition during roasting on the re- 
coveries of uranium and yanadium from A ore. Roasting: 
3 hr at 850°C. Leaching: 6 hr at 120°C with 8 pct Na2COs, 
2 pct NaHCO; solution. 


appear to form readily by direct reaction between 
uranium salts and silica in the solid phase. 

There is some indication that during roasting a 
reducing atmosphere such as H, or CO is detri- 
mental to subsequent uranium recoveries. Ap- 
parently the tendency for uranium, in the reduced 
state, to form refractory insoluble compounds is 
greater than in the oxidized state, and roasting 
should preferably be carried out in an oxidizing 
atmosphere. This factor may account for the pro- 
nounced decrease in uranium extraction that re- 
sults from roasting the B ore, see Table II, since this 
ore contains appreciable amounts of reducing car- 
bonaceous matter. With this ore it was found par- 
ticularly important to provide free access of air 
during the roast. 


Roasting in the Presence of CaCO, and CaO: 
CaCO;, which is nearly neutral in reaction, does 
not appear to react with uranium and vanadium 
minerals during roasting and does not affect the 
subsequent extractions to any extent. However, if 
the roast is conducted at temperatures above 650°C, 
CaCO, undergoes rapid decomposition to CaO as 
follows: 


The CaO that is formed apparently reacts with the 
uranium, forming calcium uranates, calcium uranyl 
silicates, etc., which are not readily decomposed by 
carbonate solutions. This is illustrated by the results 
of run B-36 (Table II) in which ore B was roasted 
at 850°C following addition of 10 pct CaCOs, result- 
ing in reduction of the U,O; recovery from 73 to 17 
pet. Further results illustrating this effect were ob- 
tained by roasting D ore, which contains about 15 
pet CaCO, in its natural state (see Table II and Fig. 
1). Roasting above 650°C resulted in marked de- 
cline in uranium recovery. Maintaining a CO, atmos- 
phere above the charge during roasting and subse- 
quent cooling helped to raise the uranium recov- 
eries, as shown in Fig. 1, presumably by inhibiting 
decomposition of CaCO, according to Eq. 3. It is 
probable that higher recoveries could also be ob- 
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tained by rapid quenching of the calcine in a car- 
bonate or bicarbonate solution, since it is likely 
that the insoluble uranium compounds are formed, 
or at least stabilized, during slow cooling. Such 
quenching has been employed in the past’ and found 
to have a beneficial effect on uranium recoveries 
where carnotite ores were roasted with salt prior to 
carbonate leaching. 

The calcium vanadates, which probably form dur- 
ing roasting in the presence of CaO, are apparently 
decomposed by carbonate solutions, since the roast 
treatment generally results in increased vanadium 
extractions. This is consistent with the fact that 
vanadium is known to dissolve in carbonate solu- 
tions as the basic vanadate ion, VO;. The following 
reaction would therefore be expected to take place 
readily: 

Ca(VOs;). + COs > CaCO; + 2 VO;. [4] 


On the other hand, it is not surprising that calcium 
uranates resist decomposition by carbonate or bi- 
carbonate solution, since the soluble form of ura- 


nium in such solutions is the UO,(CO;); ion, i.e., a 
carbonate complex of the acidic uranyl ion. Con- 
version of the insoluble basic uranate to the solu- 
ble uranyl complex would not be expected to occur 
readily in basic medium. 

Roasting in the Presence of CaSO,: From the 
above considerations, it appears that to achieve high 
uranium and vanadium recoveries simultaneously 
it is desirable to roast in the presence of a calcium 
salt which is more acidic in reaction than CaO or 
CaCO, and, further, which resists decomposition to 
CaO at the elevated roasting temperature of about 
850°C required to solubilize the vanadium. These 
conditions are substantially fulfilled by CaSO,. 

Consistent with this, it was found that addition 
of CaSO, to the low-lime siliceous ores (A and B) 
prior to roasting at 850°C resulted in high vana- 
dium extractions on subsequent carbonate leaching, 
with little or no impairment of uranium extraction. 
Results showing this are given in Table II and Fig. 
2. The amount of CaSO, required to give optimum 
recoveries is usually about 3 to 5 pet by weight of 
the ore. 

With ore C, which contained about 15 pct CaSO, 
in its natural state, no further reagent addition was 
required. Recoveries of 97 pct U;,O; and 91 pct V.O.,, 
compared with 94 pct and 25 pct respectively for 
the unroasted ore (see Table II), were readily ob- 
tained by carbonate leaching this ore following 
roasting at 850°C. Furthermore, mixtures of this 
ore with up to twice its weight of ores A and B 
yielded similarly high uranium and vanadium ex- 
tractions following roasting without any added re- 
agent (see Table III). Apparently a sufficient ex- 
cess of CaSO, was provided by ore C to take care 
of the reagent requirements of the other ores. It 
is easy to see the implications of this result in regard 
to the possibilities for blending different ores prior 
to treatment. 

To achieve optimum results when roasting with 
CaSO,, it was found necessary to maintain the roast- 
ing temperature preferably between 800° and 
900°C. Below 800°C, solubilization of the vanadium 
was generally incomplete, while roasting above 
900°C usually resulted in some impairment of the 
uranium recovery. 

As might be expected for a reaction involving 
solids, it was found that very fine grinding of the 
ore prior to roasting, preferably to —100 mesh, was 
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Table II. Results of Roasting and Leaching Tests 


500 g of ore (—100 mesh); 2000-ce solution 
120°C 


Charge: 
Temperature: 
QO» Partial Pressure: 30 psi 
Leaching Time: 6 hr 
Initial Composition of Leach Solution: NazCOz;—80 g per liter, NaHCO;—20 g per liter 


Final Solution 


Roasting Conditions Extraction 
NaHCOsz, 
Temper- U30s, V203;, Na2COs, J 
Ore Run No. Slane! °C Time, Hr Added Reagent Pet Pet G per Liter G per Liter 
23 
A A-1 No prior roast 99 17 76 
A-2 850 3 No reagent 86 67 76 = 
A-7 850 3 1 pet CaSOxu 94 17 77 Se 
A-6 850 3 3 pet CaSOx 95 85 73 ze 
A-5 850 3 5 pet CaSOx 95 87 72 a 
B B-33 No prior roast 96 22 58 oO 
B-38 850 3 No reagent 73 45 78 21 
B-53 850 3 3 pet CaSO. 92 70 74 s 
B-46 850 3 10 pet CaSO4 83 71 64 ie 
B-36 850 3 10 pet CaCOzg iy 78 76 Bt 
B-51 850 7 pet CaCle 0 67 
Cc C-1 No prior roast 94 25 30 aS 
C-65 850 3 No reagent 97 91 65 as 
D-1 No prior roast 97 28 68 7 
D-20 550 3 No reagent 94 42 72 2 
D-23 850 3 No reagent 24 55 86 
D-2 850 3 5 pet CaSO4 26 60 80 
D-8 850 3 15 pet HeSO4 74 47 58 22 
D-9 850 3 15 pet FeSe 85 64 71 24 
D-17 850 3 15 pet FeSOu 55 63 89 2 
D-18 850 3 15 pet NasSO4 8 38 100 


* Large NasCO3 consumption due to reaction with carbonaceous matter, which is destroyed on roasting. 
** Initial solution composition: NasCOs;—50 g per liter - NaHCOs—O. 


advantageous and resulted in higher recoveries of 
both uranium and vanadium. 

The nature of the compounds formed when ura- 
nium and vanadium minerals are roasted in the 
presence of CaSO, is not clearly understood. It is 
probable that among the insoluble uranium com- 
pounds that form on roasting in the absence of this 
reagent are calcium uranates and uranyl silicates, 
of which the simplest proto-types are CaUO, and 
UO.SiO;, respectively. For reasons of chemistry in- 
volving relative basicities of the different oxides 
and relative stabilities of the various compounds 
they can form, it is to be expected that CaSO, 
would lead to decomposition of the above com- 
pounds, and the formation of more soluble uranium 
compounds, through reactions such as the follow- 
ing: 


CaUO, + CaSO, + 2 SiO, > UO.SO, + 2 CaSiO,. [5] 
UO.SiO; + CaSO, UO.SO, + CaSiOg. [6] 


It is probable that the compounds actually formed 
are of more complex constitution than those repre- 
sented above, but their chemical properties might 
be expected to be similar. Vanadium minerals prob- 
ably undergo analogous reactions in the presence of 
CaSO,, since they are also solubilized by roasting 
with this reagent, possibly through formation of in- 


termediate calcium vanadate or vanadyl sulfate 
compounds. 

Although it should be possible to substitute other 
reagents for CaSO, and achieve a similar effect, the 
above considerations suggest that such reagents 
would have to meet the following requirements, all 
of which are fulfilled by CaSO.: 


1) The reagent must be somewhat acidic in re- 
action. 
2) It must be capable of forming stable uranyl 


salts as well as stable silicates. 


3) It must be stable up to the roasting tempera- 
ture of about 800°C. 

Sodium salts would not be expected to be suit- 
able, since they do not fulfill conditions 1 and 2. 
They are generally neutral or alkaline in reaction 
and give rise to sodium silicates that are probably 
less stable than the corresponding calcium salts. 
Experiments with Na.SO, and NaCl have shown 
these reagents to be ineffective in solubilizing ura- 
nium. Where roasting with NaCl has been used 
commercially in conjunction with carbonate leaching 
to raise vanadium recoveries,’ it has been found 
necessary to control roasting conditions critically 
and to quench the calcines rapidly in Na,CO,; — 
NaHCO, solutions in order to maintain high uranium 
extractions. 


Table III. Roasting and Leaching of Ore Mixtures 


Roasting Conditions: 3 hr at 850°C; no added reagent 
Leaching Conditions: 6 hr at 120°C; 30 psi Oy; 20 pet solids 
Initial Solution Composition: Na,COs—80 g per liter; NaHCO;—20 g per liter 


Composition of Mixture Extraction Final Solution 
Ore A, Ore B, Ore C, V20;, Na2COsz, NaHCOs, 
Run No. Wt Pet Wt Pct Wt Pct Pct Pet G per Liter G per Liter 

A-2 100 — 0 86 67 76 

A-3 50 — 50 95 90 71 39 
C-65 0 — 100 97 91 65 25 
B-38 100 0 73 45 78 20 
B-43 67 33 91 88 72 21 
B-4 50 50 91 83 70 23 
B-44 33 67 93 89 65 23 
C-65 0 100 97 91 65 25 
M-2 33.5 33.3 33.3 93 75 
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CaCl, and FeSO,, which probably fulfill condi- 
tions 1 and 2 and might be expected to resemble 
CaSO, in their chemical effects, are not suitable 
since they decompose at temperatures well below 
800°C. Attempts to substitute these reagents for 
CaSO, were not successful (see Table II). 

Among the reagents that might be expected to 
fulfill all the above requirements and hence be 
effective in the roast are CuSO,, ZnSO,, PbSO,, 
CdSO.,, NiSO,, CoSO,, MgSO,, and BaSO,. All these 
are acidic in reaction, decompose above 700°C, and 
contain metals that form stable silicates. However, 
the effect of these salts was not investigated, and it 
seems unlikely that any of them would possess ad- 
vantages over CaSQ,. 

Effect of H.SO,, Pyrite, Ete.: Since CaSO, obvi- 
ously does not neutralize CaO, it is not surprising 
that its addition to ores of high lime content, i.e., 
ore D, was not effective in preventing insolubiliza- 
tion of uranium during roasting (run D-2, Table 
IIT). With such ores it would appear necessary to add 
a more acidic reagent, capable of neutralizing CaO. 

This can obviously be achieved by treating the 
ore, prior to roasting, with H.SO,, which converts the 
CaO and CaCO, directly to CaSO: 


CaO + H,SO,—> CaSO, -++ H.O 
and 
CaCO, + H.SO,—> CaSO, + H.O + CO.. [8] 


Following such treatment the ore should respond 
similarly to ore C. 

Alternatively it is possible to add a reagent that 
reacts with CaO under roasting conditions to neu- 
tralize the latter and convert it to CaSO,. An exam- 
ple of such a reagent is pyrite, FeS,, which on heat- 
ing in air probably reacts with CaCO, in the fol- 
lowing manner: 


+ 4CaSO, + 4 CO, [9] 


Thus it was found that addition of 15 pct pyrite to 
D ore prior to roasting at 850°C increased uranium 
extraction from 24 to 85 pct and vanadium extrac- 
tion from 55 to 64 pct (run D-9, Table II). 

FeSO, can also react with CaO, for example, 


2 CO, [10] 


but was found to be less effective than pyrite (run 
D-17, Table II), presumably because it decomposed 
more rapidly and at lower temperatures, resulting 
in higher SO, losses. 

Reagent Consumption on Leaching: The amounts 
of carbonate and bicarbonate consumed by direct 
reaction with uranium and vanadium during leach- 
ing, according to Eqs. 1 and 2, are usually very 
small. However, total reagent consumption on leach- 
ing is normally considerably larger than this 
amount, because of the presence of other reactive 
minerals in the ore or because of reagents that have 
been added to the roast treatment. 

Silica reacts only slowly with solutions contain- 
ing carbonate and bicarbonate at temperatures be- 
low 150°C. 

Mineral sulfides such as pyrite, when present in 
the ore, react readily with carbonate solutions, par- 
ticularly in the presence of oxygen as follows: 


2 FeS, + 7% O, + 8 Na.CO; + 4H,O> 
Fe.O, + 4 Na.SO, + 8 NaHCO,. [11] 


However, prior roasting usually results in oxidation 
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and decomposition of such sulfides. This applies also 
to organic and carbonaceous matter. 

Calcium sulfate reacts with carbonate solutions 
as follows: 


CaSO, + Na,CO;—> CaCO, + NaSQ,. [12] 


This reaction is responsible for the large reduction 
in the Na.CO, content of the leach solution during 
leaching of C ore (run C-1, 65, Table II). The 
Na.SO, generated in the solution does not appear 
to be in any way detrimental to the leaching. 

CaCO, does not react with Na,CO,; or NaHCO,, 
unless it is first decomposed to CaO by roasting. 
CaO reacts with NaHCO, as follows: 


CaO + 2 NaHCO,—> CaCO, + Na,CO; + H.O. [13] 


This reaction is responsible for the conversion of 
NaHCO, to Na.CO, during the leaching of D ore, 
which had been roasted at high temperatures (run 
D-23, 2, 18, Table II). 

Precipitation of Uranium and Vanadium: After 
recycling, the leach solutions obtained from these 
ores had approximately the following analysis: 
Na.CO,, 80 g per liter; NaHCO,, 20 g per liter; U;O,, 
1 g per liter; and V.O:, 4 g per liter. It was found 
that to yield uranium and vanadium concentrates, 
these solutions could be most effectively treated by 
the following procedure: 

1) The solution was stripped of both uranium 
and vanadium by treatment with 200 psi H, at 
150°C in the presence of 5 g per liter of nickel pow- 
der catalyst, yielding a product comprising a mix- 
ture of uranium and vanadium oxides in combina- 
tion with the nickel powder.” The Na,CO, and 
NaHCO, contents of the solution were virtually 
unchanged by this treatment and the barren hquor 
was recycled. 

2) The nickel-free product was fused with an 
equal weight of Na.CO, and the fusion cake leached 
with water to extract the vanadium. The fusion 
cake (black cake) containing all the uranium ana- 
lyzed 85 to 90 pct U,O, and less than 1 pct V.O;. 

3) The fusion filtrate was acidified with H.SO, 
to pH 3 to precipitate the vanadium as a red cake 
containing 80 to 90 pct V.O,. 


Technical Conclusions 


An examination has been made of the effect of 
roasting carnotite ores, in the presence of various 
reagents, on subsequent recoveries of uranium and 
vanadium by carbonate leaching. An attempt has 
been made to account for the results in terms of the 
chemical reactions that occur during the roast treat- 
ment. 

Roasting at temperatures of about 850°C with 
calcium salts, including CaO, generally increased 
the vanadium extraction. However, to prevent a 
simultaneous reduction in uranium extraction, it 
was found necessary to maintain the charge in an 
acidic condition during the roast. 

With ores of low lime content, optimum results 
were obtained where the ore was roasted at 850°C 
in the presence of 3 to 5 pet CaSO,. This treatment 
yielded extractions of 90 to 95 pct U,O; and 70 to 80 
pet V.O; on subsequent carbonate leaching. Ores 
containing CaSO, may be roasted and leached with- 
out further reagent addition. Critical control of 
roasting conditions and quenching of the calcines 
are unnecessary. 

With ores of high lime content, roasting at the 
high temperatures necessary to effect solubilization 
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of the vanadium resulted in a drastic reduction in 
the uranium recovery. For such ores, no practical 
treatment could be found that would yield high re- 
coveries of both uranium and vanadium unless all 
the lime was first neutralized by addition of acid or 
pyrite. By roasting at low temperatures of 500° to 
600°C, i.e., below the decomposition temperature 
of CaCO,, uranium recoveries of 90 to 95 pct could 
be maintained while 40 to 60 pct of the vanadium 
was extracted. Such roasting is adequate to con- 
fer satisfactory settling and filtering characteristics 
on most carnotite ores and to destroy carbonaceous 
impurities. 


Flowsheet Application 


Fig. 3 is the type of flowsheet envisaged to give 
practical effect to the investigational work arising 
from these studies. All the types of equipment have 
been used for comparable purposes in various mills 
and refineries operating in the U. S. and Canada. 

Operating Conditions and Type of Equipment: 
While optimum conditions will vary from ore to 
ore, the grinding-screening circuit prior to roasting 
would probably be required to produce a —35 to 
—65 mesh product. 

In the roasting step equipment should be de- 
signed to give the best particle contact between re- 
agent (calcium sulfate, pyrite, etc.) and the ore. 
The Skinner roaster has been used for many years 
in treating uranium-vanadium ores from the Colo- 
rado Plateau and represents a satisfactory type for 
this purpose. 

In the case of each ore, optimum regrind mesh 
for calcines will depend on the usual factors of 
extraction efficiencies and physical properties such 
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Screen Exchange 
CaSO4 
2 
Hydrogen 
Pot'n 
Autoclave 
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Nickel_| Magnetic 
tal ti 
Solution Catalyst | Separation 
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Rotary Drum 
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to to to Filter, Fuse 
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Fig. 3—Typical flowsheet for carbonate leaching process. 


1134—MINING ENGINEERING, OCTOBER 1957 


as filtration rates and washing efficiencies. The 1n- 
vestigation program has suggested a range of —48 
to —100 mesh. 

A pulp to pulp heat exchanger_of the tubular type 
has been found satisfactory under comparable 
conditions at the Beaverlodge plant of Eldorado 
Mining & Refining Ltd. in Canada and constitutes 
satisfactory equipment for this flowsheet. 

In the autoclave digester section a series of ver- 
tical or horizontal stainless steel clad units is en- 
visaged. The initial units in the series must be 
equipped with steam heating coils. Such equipment 
is used at the Fort Saskatchewan refinery of Sher- 
ritt Gordon Mines and at the Beaverlodge plant of 
Eldorado Mining & Refining Ltd. Pulp density in the 
autoclaves should be about 55 pct. 

A stainless steel tubular design of heat exchanger 
is satisfactory for use on pregnant liquor. 

Hydrogen precipitation autoclaves would be sim- 
ilar in general design to those used by the Sherritt 
Gordon Co. at Fort Saskatchewan; this equipment 
should be either clad or lined with stainless steel. 

The nickel powder used as a catalyst in the hy- 
drogen reduction step is strongly magnetic and can 
be rapidly separated from the uranium and vana- 
dium oxides by conventional wet magnetic separa- 
tion techniques. 

The soda ash fusion, water leach, vanadium pre- 
cipitation, fusion, and flaking equipment is standard 
in various mills operating in the Colorado Plateau 
area. 

Economics: Preliminary engineering studies have 
indicated that the economics of this type of flow- 
sheet in terms of capital costs, operating costs, and 
recoveries are equal and perhaps superior to those 
of alternative flowsheets now in plant scale opera- 
tion where: 1) optimum recovery of vanadium is 
desired, and 2) a basic leach flowsheet is econom- 
ically justified in preference to an acid leach from 
the standpoint of reagent consumption and uranium 
recovery. 

In this connection it should be noted that al- 
though there has been a diminishing interest in 
byproduct vanadium recovery in mills designed in 
the past two or three years to treat uranium ores in 
the Colorado Plateau area, the flowsheet described 
here appears particularly well suited for recovery 
of uranium and vanadium from a carnotite or 
roscoelite type of ore with a high gypsum content. 
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General Map of Braden Operations in Chile 


Tailings Disposal 
Braden Copper Co. 


by R. W. Jigins 


PERATIONS of the Braden Copper Co. are in 

the Chilean Andes, southeast of Santiago. Most 
remote of the company communities is Sewell, a 
town of 12,000 people, 7000 ft above sea level at the 
junction of the Coya and Teniente rivers. Four 
miles down the Coya River is the smelter town of 
Caletones, elevation 4500 ft, with a population of 
about 3000. At the junction of the Coya and Cacha- 
poal rivers 24 miles below Sewell is Coya, eleva- 
tion 2500 ft, location of the company’s two hydro- 
electric plants. The principal accounting offices; 
steel, iron, and brass foundries; railroad shops; and 
major mechanical repair and fabricating shops are 
at Rancagua in the central Chilean valley, 44 miles 
from Sewell. The company owned narrow-gage 
railroad connects with the Chilean national railroad 


R. W. JIGINS is Concentrator Superintendent, El Teniente Mine, 


Braden Copper Co., Sewell, Chile. 
TP 4627B. Manuscript, Jan. 18, 1957. New Orleans Meeting, 


February 1957. 
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at Rancagua and above Coya is the only modern 
means of travel. 

El] Teniente mine at Sewell is the largest under- 
ground copper mine in the world. The mill, at the 
portal of the main tunnel, has a capacity of 34,000 
tons of crude ore daily, although production is lower 
during the winter beacause of electric power restric- 
tions. When operating at capacity the mill produces 
2000 tpd of copper concentrates and 32,000 tpd of 
tailings. Tonnage of tailings is equivalent to about 
100,000 tons of pulp at normal water to solid ratio. 

Because the streams flowing from the Andes in 
the area of Braden’s operations are used for irriga- 
tion, it is impossible to dump tailings directly to the 
river. The tailings pulp must be separated into 
solids and decanted clear water, and the clear water 
returned to the same water shed from which the 
original water was removed. Remaining sands and 
slime must be deposited in a reservoir where they 
will not cause trouble to farmers. 
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Prior to 1920 tailings were disposed of in the 
Coya canyon immediately below the mill site, but 
each of four dams that were built before 1916 was 
washed out in turn by the heavy floods common in 
the Coya River drainage area. Later three dams with 
total capacity of 6 million tons were constructed ac- 
cording to more modern design. A novel feature of 
the last two, called Arena and Amarga, was a float- 
ing pontoon bridge that carried the distribution 
launder for sand bank building. Constructed almost 
entirely by the spilling and shoveling method, these 
dams had slopes of 2.5 and 3 to 1 respectively. The 
dried out dams are still in good conditions today. 

Beneath these three dams a single masonry aque- 
duct was built in the bed of the river to take the 
clear overflow from the decanted tailings ponds as 
well as the normal river flow, which increases enor- 
mously during spring run-off, often carrying mil- 
lions of tons of rock and gravel. The aqueduct is 10 
ft in diam and 7000 ft long on a gradient of 6 pct. 

Starting in 1917 preliminary work was done to 
prepare a larger dam in the Barahona basin, 9 miles 
downslope from the mill. The original plan called 
for an earth dam, but this idea was abandoned in 
favor of sand obtained by classifying tailings in 300 
balanced classifier cones. Fed through a flume line 
43,000 ft long, the dam went into use in 1920. 

The flume line between the mill at Sewell and 
the Barahona basin crossed exceptionally steep ter- 
rain and required the construction of 6500 ft of snow 
sheds, 19,000 ft of tunnels, and many bridges of vari- 
ous types. A few bridges over the deeper ravines 
are 150 ft high. 

The crest of the Barahona tailings dam was 7200 
ft long and about 210 ft high. By 1928, 29.5 million 
tons of tailings were built up behind the dam. In 
December of that year a severe earthquake broke 
the dam and allowed more than 9 million tons to 
escape through the Barahona and Coya rivers, caus- 
ing loss of several lives and much property damage. 
After consultation with Government engineers, per- 
mission was granted to build an improved dam far- 
ther back in the Barahona basin. The new dam was 
started in February 1929 and was in constant use 
until February 1936. Today it contains 54 million tons 
of tailings. As capacity of this basin was limited, a 
new dam was begun in July 1934 at Cauquenes, 28 
miles below Barahona and 37 miles from the mill. 
This dam was placed in service in February 1936 
and is still in use. 

Before the Cauquenes site was selected, many 
other schemes were considered and engineered. Sev- 
eral surveys were run, even down to the ocean, but 
after consideration of all factors the Cauquenes 
project proved the most suitable. One major consid- 
eration was the strong opposition from farmers and 
owners of the country the flume would cross. 

The Cauquenes site was part of a prosperous 
hacienda, which Braden was obliged to purchase at 
a considerably enhanced price. The site, however, 
is a large, kidney-shaped natural basin roughly 
3 miles long by 1% miles wide, with a narrow 
outlet. Based on present dam elevation, estimated 
capacity of the basin is 300 million tons. 

Early Dam Construction: Dam construction at 
Barahona is carried out by classifying the tailings 
in sand-settlement boxes and utilizing the coarse 
sands for building the dams. Remaining tailings flow 
by open canal to the impounding area, where they 
are deposited at constantly varying points to avoid 
build-up at any one place. Overflow towers spill 
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Plan of Cauquenes settling basin area has an estimated 
capacity of 300 million tons. 


the decanted water to a subterranean concrete 
aqueduct, which discharges by an open canal back 
into the Cachapoal River a few miles from the tail- 
ings dam. 

The tailings flume is constructed on a 3 pct grade 
from Sewell to Barahona, a distance of 11 miles. 
From Barahona to Coya, another 11 miles, grades 
vary from 3 to 2 pct. In this section, to avoid 
excessive grades, five four-lane masonry cascade 
chutes were built totaling 3725 ft, with a combined 
fall of 1650 ft. These cascades follow a descending 
parabolic curve corresponding roughly to the normal 
discharge curve of the maximum volume of tailings 
carried in the flume. This helps to avoid excessive 
splashing and overflows. 

The lower section of the line, from Coya to 
Cauquenes camp, is a distance of some 15 miles at 
an average gradient of only 0.3 pet and required 
construction of six large steel truss bridges, totaling 
6233 ft in length, spanning canyons to avoid exces- 
sive grades loss. The largest, over the Rio Claro, is 
284 ft high and 1132 ft long. 

Curves in the flume, constructed with 4-ft tangen- 
tial boards, are laid out on a minimum radius of 
100 ft. On curves with a radius of 200 ft or more, 
12-ft tangential boards are used. 

In all, the disposal of tailings from the concen- 
trator to the final area of deposition comprises the 
following major projects: 

1) Thirty-seven miles of wooden flume line, with 
approximately 3x3-ft inside section, lined with 
concrete bottom and side liners and covered with 
boards at curves and through tunnels. 

2) About three miles of tunnel through: rock of 
varying types. In some sections timber sets are 
necessary to hold the tunnel section free from loose 
and falling rock. 
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3) One and a quarter miles of false tunnels and 
snowsheds to protect the flume from avalanches. 

4) Two hundred and seventy-five bridges of dif- 
ferent types, including one steel cantilever arch 
bridge 520 ft long; two suspension bridges with a 
total length of 552 ft; six large truss bridges, and 12 
other smaller steel bridges of various sizes and 
types. 

5) Eight patrol camps, where a given number of 
workmen are stationed, whose job it is to patrol 
constantly a certain section of the flume line, advis- 
ing headquarters of any accident or breakout and 
making emergency repairs. 

Operations are carried out 24 hr a day, and only 
three shutdowns a year are normal—January lst, 
May lst (Labor Day), and September 18th (Chilean 
Independence Day). On these days it is customary 
to make extensive repairs on the tailings flume and 
accessories, changing worn liners, corner strips, 
and drop box liners. At other times, in emergencies, 
the tailings must be bypassed temporarily to one or 
the other of the old dams. In important cases Gov- 
ernment permission to release tailings to the river 
for a given period must be obtained from Santiago 
by telephone. 

The Upstream System of Handling Tailings: The 
first large dam at Barahona was built on what may 
be called an upstream system, then the accepted 
method of depositing tailings, which were separated 
into sands and slimes in Callow-type classifier 
cones with automatic discharge. These classifiers 
were supported across the length of the dam by 
wooden trestles, which also carried the main tailings 
feed flume. 

Starting from an earth toe the dam was built up 
by depositing the classifier sands to a convenient 
height and depositing and dewatering the slimes be- 
hind this dam. The cone supporting structure was 
then raised up by sections and moved back, and 
sand deposition was continued to complete another 
lift. As each lift was completed, the downstream face 
was hand-shoveled to correct grade (2.5 to 1 slope). 

One disadvantage of this system was the number 
of men required to operate it and to maintain and 
continually relocate the flume, trestles, and cones. 
Heavy wind storms also blew over hundreds of feet 
of trestle, cones, and launders. 

After the disastrous earthquake of 1928 it was 
apparent that a new system would be necessary. 
Temporarily, the old dam at Agua Amarga was re- 
habilitated and put into service while studies were 
made as to the ultimate solution of the tailings dis- 
posal problem. 

Downstream System: To build the second dam at 
Barahona the downstream system was devised. This 
method started off in much the same manner, de- 
positing coarse sand for the dam and dewatering 
the slimes behind. The classifier cones were raised 
as before, but in a downstream direction. In this 
way adam of coarse sand was maintained, resting 
on similar sand, and the slime delta as built up be- 
hind followed downstream but on top of the de- 
posited sands. This method maintains a layer of 
more or less impervious slimes at all times, protect- 
ing the dam from the lake, which overflows through 
towers at the back of the basin to a subterranean 
concrete aqueduct. 

Another improvement developed during operation 
of the No. 2 dam was the change from the old type 
of cone classifiers to a series of tall square boxes, 
with sloping bottoms and screw-controlled brass 
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shding gates, discharging to a common launder from 
whence the sands were directed to any part of the 
dam face. Slimes as usual were deposited over the 
delta for settling. This method required fewer oper- 
ators, although the boxes were still installed across 
the whole length of the dam crest and had to be 
raised and moved forward periodically as before. 

So far the system has operated satisfactorily, but 
it must be noted that with this method the dam is 
always in operation. The exposed sand of the down- 
stream face is subject to damage by wind and rain- 
storms. Sand is continually being deposited across 
the face and equilibrium is never established as long 
as the plant is operating. When it became necessary 
to move to the Cauquenes Basin, a better system 
was devised. 


Sand Fill and Controlled Delta System: With the 
earlier methods, sands were used to form the retain- 
ing dams, and the slimes, deposited as a lake directly 
behind the dams, exerted a definite hydraulic pres- 
sure. This was the type of dam that failed at Bara- 
hona during the big earthquake, when the sand lifts 
slid downriver off their slime bases in step form. 
Present construction is radically different and to 
date has shown no signs of failure, even with very 
strong seismic phenomena, because: 1) only classi- 
fied sands are used in actual dam building; 2) slimes 
are deposited and settled in a basin well removed 
from the dam; and 3) only a very small lake of 
water is maintained. This lake is some distance away 
and exerts relatively little pressure on the main 
sand dam, which is retained by a constantly rising 
delta of deposited tailings maintained back from 
the upstream face of the dams. 


Present Dam Construction: For the present system 
a suitable site is bulldozed down to a good hardpan 
and opened out to give a base wide enough from 
upstream to downstream to allow for the designed 
width at optimum height, always maintaining the 
required slope on both faces. The slope of the up- 
stream face is not so important, as this is eventually 
covered by the deposited delta. Across the longitu- 
dinal axis of the dam foundation a system of sub- 
terranean drains is built, consisting of a trench 
2 ft 6 in. wide on a 0.5 pct grade discharging into a 
sewer type of outlet to the river. In the bottom of 
this trench a 6-in. concrete pipe is cemented, a %-in. 
opening being left at the top of the joints. The 
whole is covered with a 6-in. layer of gravel screened 
between %-in. and 2 in. On top of this, a further 
layer of screened rocks between 2 and 10 in. is 
deposited. The last layer is coarse river sand, leveled 
off. This built-in filter takes care of removing all 
toe drainage from the dam. 

Parallel to the desired cross river axis two earth 
toe dams are built up by bulldozer to a height of 20 
ft at both up and downstream limits of the base. 
Deslimed tailings sand is then pumped into the 
space below the earth dam. When this is filled with 
tailings sand it is bulldozed in both directions to 
the predetermined limit, upstream and down, until a 
reasonable trough is left in the center. This space 
is again filled by pumping in coarse tailings sand, 
which in turn is bulldozed to a trough in the center 
and refilled. As each lift is made the outside faces of 
the dams are corrected for slope (2.5 to 1) by bull- 
dozing, and when finally the desired total height is 
reached both faces and crest are covered with a 
layer of soil revetment, which is then sown with 
coarse grass to protect it against erosion. 
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For this type of dam it is also necessary first to 
construct an aqueduct that will take not only the 
overflow of decanted water from the tailings but 
all the regular precipitation and flow of the water- 
shed, up to the possible maximum of rainflooding, 
delivering it safely to the normal water course. 
This aqueduct may be built beneath the dam, rising 
on a continuous slope inside the basin to receive the 
lake overflow at suitable elevations, or it may be a 
tunnel driven through the surrounding hills, de- 
pending on circumstances. 


Overflow towers built at various elevations dis- 
charge to the aqueduct. As the general level of delta, 
slimes, and lake rises the overflow control level at 
the tower is raised by additional concrete flash- 
boards. When each tower reaches its height limit it 
is sealed off and the lake raised enough to allow it to 
overflow at the next tower level. During a particu- 
larly heavy rainstorm in 1953 the lake level rose 
4 ft in 4 hr, and it was calculated that for a time 
the aqueduct discharge was 400 cu ft per sec as com- 
pared to a normal 12 to 15 cu ft per sec. 


For this reason Braden Copper Co. has built an 
aqueduct of such strength and construction that 
30 or even 50 years from now when it is buried deep 
in slime it will still withstand any seismic phen- 
omena and at the same time be adequate for any 
possible runoff from the basin. Behind the upstream 
face of the dam a delta of tailings is deposited and 
raised gradually on a slope in advance of the gen- 
eral lake and slime level. As the tailings are run in, 
from constantly changing points, the sands settle to 
form the delta and the slimes run on into the lake, 
eventually settling to the bottom, while the clear 
water overflows to the outlet aqueduct. The entry 
point of the tailings must be constantly changed to 
prevent the slimes from running in directly toward 
the overflow tower and overflowing without settling, 
giving a dirty discharge to the river. This system 
maintains a small lake several thousand feet away 
and avoids pressure on the dam. 


Improved Classification at the Cauquenes Site: 
At Cauquenes another improvement has been made 
in separating the sand portion of the tailings. In- 
stead of the many small classifiers being moved 
around as required, there are now two long parallel 
desanding boxes some distance ahead of the dams 
and adjacent to the main tailings flume. These two 
boxes are built as a single concrete structure 150 ft 
long by 22 ft wide by 12 ft high. The bottoms slope 
toward a common sand discharge launder running 
down the center between and below them. Each 
box is provided with 12 bronze sliding gates for 
discharging the settled sands from the bottom of the 
box to this launder. Entrance and exit launders, 
controlled by gates, are provided from the main 
tailings launder to each of the boxes and then back 
to the main launder from the far end. 

Operation of Cauquenes Dams: Tailings are run 
into one box continuously until it is filled with 
settled sands. Meanwhile the supernatant slimes and 
excess tailings continue to the main distribution 
launder or ditch and are deposited around the peri- 
phery of the basin for settlement. The tailings are 
then turned into the second box. While this is filling, 
the discharge gates on the first box are opened and 
the settled sands washed out with hoses into the dis- 
charge launder and thence to a sump serving a cen- 
trifugal sand pump, which sends them to the dam 
site or wherever they are required. As one box be- 
comes full the other has just finished emptying and 
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| AS SLIMES LEVELG) RISES, CONCRETE FLASH 
BLOCKS(@) ARE ADDED TO TOWER SIDES. BEFORE 
SLIMES OVERFLOW TOP SET OF FLASH BLOCKS@) 
TOP OF AQUEDUCT IS SEALED BY CONCRETE 
SLAB(4) AND TOWER |S ABANDONED 


DIVISION WALL PERMITS CONTROL 
OF NORMAL FLOW TO EITHER SIDE FOR 
AQUEDUCT REPAIRS. TOP_OF WALL IS ALSO USED 
AS WALKWAY. SIDES MUST BE SCRAPED 

PERIODICALLY TO REMOVE IRON OXIDE SCALE TO 
PREVENT CHOKING 


SECTION A-A SECTION B-B 


Diagrams show sequence and method of operation of Cau- 
quenes aqueducts. 


the feed is switched from one to the other steadily 
throughout the day. The amount of water used to 
wash out the boxes is maintained at a minimum 
sufficient to allow the sands to be pumped without 
difficulty through woodstaves pipelines on a practi- 
cally level grade. 

There are only two men per shift to operate 
the boxes; one pumpman or more, depending on 
the number of pumping stages; and possibly two 
men at the dam to divert the sand discharge as re- 
quired. On the day shift a bulldozer crew will be 
necessary and a few men for miscellaneous jobs, but 
compared with the 30 to 40 men per shift required 
to operate the old cone classifier systems there is a 
great saving in labor cost. Maintenance costs are 
also very low, and operation is almost uninterrupted. 

Maintenance of Tailings Disposal System: Gen- 
eral repairs along the whole line are carried out con- 
tinuously. Sills, collars, bracing, and tie rods on the 
flume are replaced constantly as necessary without 
interrupting operations. On the three 24-hr shut- 
downs during the year other repairs, such as main- 
tenance of flume liners, are carried out in accord- 
ance with a long-time schedule. It is interesting to 
note that average life of the modern concrete liners 
is four to six years as compared to a maximum two 
to three years for the old wooden liners. Installed 
cost is practically identical. 


OVERFLOW, 
DIAPHRAGM \ 
WALLS ACT 
AS BAFFLES 


SAND TO DAM 


Schematic isometric section shows method of operation of 
desanding boxes used in tailings disposal system. 
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Masonry cascades also require a constant mainten- 
ance program. Usually two bays per year are over- 
hauled and repaired in each cascade. Tail boxes must 
be rebuilt every five or six years. 

On snowsheds, some timber, roof decking, and 
drumsheet covering must be replaced every sum- 
mer, depending on severity of the winter and the 
number of snowslides. 

Some sections of the tunnels are in good hard 
rock and need no upkeep; others are in very loose 
ground and require constant timbering. Usually one 
complete set of timber is changed each day through- 
out the year. 

Where the flume line skirts the hillsides or passes 
through cuts gangs are at work continually, clean- 
ing out coronation drainage ditches, shoveling off 
mud slides, and jacking flume back and up on bench 
to maintain on grade. 

In the fall there is danger from brush fires that 
start spontaneously on the hillsides, often covering 
large areas. In these cases special patrols are sent 
out to protect the flume and bridges. On occasion a 
series of auger-bit holes have been drilled in the 
side of the flume at strategic points, allowing part of 
the tailings to run downhill and help extinguish the 
fires. 

The main drainpipes carrying the toe drainage 
from the dams are reamed out once a month to 
prevent their corroding with iron oxide deposits. 


For the same reason the aqueducts must be scraped 
and cleaned periodically. Aqueduct floors are re- 
vised and repaired every three years or so to take 
care of damage by rocks. 

One of the chief problems in maintaining the 
tailings disposal system is that so much of it is dif- 
ficult of access. All lumber for the flume, collars, 
sills, liners, and sideboards must first be cut to size 
and then transported to the nearest point on the 
railroad. From there it must be carried by mule to 
distribution points as close as possible to the point of 
ultimate use. In the tunnels in particular, this may 
be a mile or two away. In the final stage of trans- 
portation it is carried by workmen. Workmen also 
carry stones for cascade repairs and cement, sand, 
and gravel for cascades and flume liner repairs. In 
the tunnels even water for mixing concrete has to 
be carried in shoulderborne tanks and stored in 
empty 50-gal drums near the job several days before 
one of the major shutdowns. 

Wooden trestles and bridges are repaired as neces- 
sary, and the big steel bridges are checked periodi- 
cally by the engineering department. 

In all, about 100 men are required to operate and 
maintain the Braden Copper Co. tailings disposal 
system. These men are distributed along the line 
at the different camps and moved around as the 
repair program requires. 


Mine Water Problems of the Pennsylvania 


Anthracite Region 


by H. A. Dierks 


ENNSYLVANIA’s anthracite region lies in the 

heart of the richest and most densely populated 
area of the U.S. Nearly 70 million people live within 
a radius of 500 miles, in which 130,000 manufactur- 
ing plants employ more than 8 million workers. 

The region comprises some 3000 sq miles and 
contains 484 sq miles of coal measures, which fold- 
ing and erosion have divided into four separate and 
distinct fields, known as the Northern, Eastern Mid- 
dle, Western Middle, and Southern. 

One million people live in the anthracite region 
proper, and their prosperity depends to a great ex- 
tent on the anthracite industry, which produces 
more than $200 million in new wealth for the U. S. 
each year. Nearly 80 pct of the tonnage shipped out 
of the region is handled by nine railroads, which 
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depend on this traffic for a large part of their rev- 
enue. 

It follows that the economic health and the very 
existence of this industry is of real concern not only 
to the region itself but also to the state of Pennsyl- 
vania and the country as a whole. 

Anthracite mining is one of the oldest mineral 
industries in America. About 1760 burning rock 
or stone coal was discovered on the hillsides of 
northeastern Pennsylvania. Within a few years a 
systematic search for coal bed outcrops was under 
way, and hand mining was begun. At first produc- 
tion was very limited, since anthracite was diffi- 
cult to burn and was not readily accepted as a fuel. 
Pennsylvania anthracite is one of the densest and 
hardest of all coals, and its content of volatile mat- 
ter is low. Consequently it does not ignite easily 
and it burns without smoke. 

About 1808 Judge Fell of Wilkes-Barre burned 
anthracite in an open grate fireplace and demon- 
strated proper handling of an anthracite fire. From 
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“Burning rock” was discovered on the hillsides of northeastern 
had been established. 


then on anthracite found steadily increasing con- 
sumer acceptance, primarily as a fuel for home 
heating and for steam generation. For a consider- 
able time it was burned as a metallurgical fuel. 
Mining enterprises sprang up over the entire region, 
and by 1837 annual production reached one million 
tons for the first time. Production rose steadily from 
year to year until a record of slightly less than 100 
million tons was achieved in 1917 with employment 
of more than 150,000 persons. Following a short 
period of peak production, which coincided with the 
extraordinary fuel requirements of World War I, 
demand for anthracite began a drastic and irreg- 
ular decline down to the present time. The princi- 
pal cause of this steadily diminishing demand can 
be found in the trend toward home heating with oil 
or natural gas, which lend themselves more readily 
to completely automatic operation. 

Present annual production of anthracite is about 
26 million tons, and industry employment is down 
to 35,000. About 15 billion tons of anthracite, 
enough to last 300 years at the present rate of pro- 
duction, is still mineable and constitutes an irre- 
placeable and extremely valuable commodity. 

Mine Water Problem: The steadily decreasing de- 
mand for anthracite has created many perplexing 
problems for the industry and economy of the re- 
gion. Most serious of these is the mine water prob- 
lem. 

Reduced demand for anthracite forced curtail- 
ment of production that was accomplished with 
closing and abandonment of many mines, particu- 
larly those with relatively high production and 
pumping costs. Closing of a mine, however, is not 
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Pennsylyania in 1760 and in a few years the anthracite industry 


followed by a reduction in surface water seepage. 
Because of breaches at various altitudes in the bar- 
rier pillars between adjoining mines, the burden of 
pumping the water from abandoned mines is placed 
inevitably on adjoining active mines. 

The approximate annual cost of pumping in all 
mines of the anthracite region is nearly $12 million. 
More than 160 billion gal of water must be pumped 
yearly from the mines over an average hydrostatic 
head of 500 ft. For this task, more than 700 pumps 
are now installed in active anthracite mines, near- 
ly 60 pet of them in mines of the Northern field. 

The effect of this enormous pumping load on the 
economics of mining in the face of diminishing pro- 
duction is demonstrated clearly by ratios of tons 
of water pumped to tons of anthracite hoisted from 
underground operations: in 1920 the ratio was 8 
tons of water to 1 ton of coal; by 1940 the ratio 
was 14 to 1; by 1951 it was 27 to 1; and it is now ap- 
proximately 56 to 1. 

The volume of water entering mine workings 
during and after a period of rainfall varies greatly 
with the different fields and even with adjoining 
mines in the same field. The reason is to be found 
in the condition of the strata, owing to the progress 
of coal extraction, particularly that from the upper- 
most beds, and to the ratios between precipitation, 
run-off, and infiltration as they vary for each period 
of rainfall in any given area. In this respect, the 
most important variables are severity and duration 
of storms; rate of evaporation, depending on tem- 
perature, humidity of the atmosphere, and dryness 
of the soil; transpiration, depending on the season 
and the amount of vegetation; status of the water 
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table; frost that seals crevices in the ground; and 
the presence of anchor ice, which seals the bottom 
of streams. 

From year to year and from one locality to an- 
other there is a wide difference in rainfall in the 
Pennsylvania anthracite region. In the last 25 years, 
annual rainfall has varied in the Northern field 
from a low of 26.5 in. in 1930 to a high of 54 in. in 
1945 and in the Southern field from a low of 30 in. 
in 1930 to a high of 60 in 1933. 

Maximum volumes of rainfall are important be- 
cause mine pumping facilities and sump capacities 
must be designed to handle that maximum inflow 
of water from the flash floods characteristic of the 
region; otherwise flooding of mine workings is 
inevitable. 

Geologic Structures, Rainfall, and Infiltration: 
The geologic structure of the coal measures in the 
anthracite region is typically basin and range, and 
the coal beds form canoe-shaped synclines under- 
lying the valleys between the mountain ranges. 
Consequently, all surface drainage from the hill- 
sides into the valleys must flow over the coal meas- 
ures. The four anthracite fields are traversed by 750 
miles of rivers and streams that are part of two 
large drainage basins, the Susquehanna River and 
the Delaware River. These rivers, streams, and 
creeks normally lose water through their beds, and 
mining operations near or under these stream beds 
have disturbed the natural condition of the strata, 
resulting in increased seepage into the mines. 

Since the beginning of mining in the Pennsyl- 
vania anthracite region, the general configuration 
of the terrain has changed, adversely affecting the 
original natural drainage facilities. The continued 
increase in the number and size of culm banks, cin- 
der dumps, stripping pits, and stripping spoil banks 
has caused blockages or changes in the normal flow 
of surface run-off to the streams flowing on the val- 
ley floor. Cracks and caves from surface subsidence 
permit water to enter underground workings, and 
denuded woodlands drastically affect the natural 
control of run-off by reducing evaporation and 
transpiration. 

Early mining operations took only the best, thick- 
est, and most accessible anthracite beds, and little 
thought was given to conserving reserves for the 
future. Subsequent mining was made more difficult, 
costly, and hazardous by this lack of foresight, and, 
unfortunately, mining today is still conducted with 
the primary object of extracting as much of the 
anthracite beds as possible, with little attention to 
the ultimate effect on mine drainage. Although 
present mining is conducted with regard to pre- 
venting rapid and catastrophic inundation of the 
mines, in conformity with existing mine laws, no 
coordinated scheme deals with the mine water 
problem as it relates to mine planning, barrier pil- 
lars, and underground connections between adja- 
cent mines. 

Water that infiltrates into underground mine 
workings can be attributed to surface seepage, bar- 
rier-pillar seepage, or both. 

Natural stream beds are pervious; however, they 
must continue to serve as the ultimate channels for 
surface run-off and to receive the discharge from 
mine pumps and gravity drainage from mine work- 
ings. Generally speaking, important stream beds in 
the anthracite region are less pervious than the ter- 
rain surrounding them, because mining operations 
directly underneath the stream beds have usually 
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been conducted so as to prevent or minimize breaks 
in the rock strata underlying the streams. Although 
many small apertures in the rock strata underneath 
a stream bed may become sealed with silt and sludge, 
nevertheless large volumes of water infiltrate the 
mine workings through such openings under the 
750 miles of stream beds that traverse the anthra- 
cite measures. It must therefore be reasoned that 
water pumped or drained from a mine and con- 
ducted to a natural surface watercourse does not 
necessarily remain confined but may contribute to 
the volume of water that must be pumped from 
some other mine farther downstream. 

Barrier Pillars: A barrier pillar performs several 
important functions in anthracite mining opera- 
tions. Its principal function, however, is to act as a 
dam to prevent water that accumulates in a mine 
from suddenly breaking into an adjacent mine. 

It was not until 1891 that the Pennsylvania Gen- 
eral Assembly passed a law making it mandatory to 
establish barrier pillars along the line of adjoining 
properties, but by that time the mine water problem 
was already in existence. 

The barrier pillar system of the anthracite region 
consists of about 450 barrier pillar units, totaling 
344 miles. They separate 225 mines, of which more 
than half are abandoned and contain more than 120 
billion gal of water in underground pools. 

Many of these barrier pillars were given inad- 
equate dimensions; others have been breached by 
tunnels or gangways, or their stability has been im- 
paired by the encroachment or subsidence of adja- 
cent mine workings. 

Character of Anthracite Mine Water: Although 
anthracite mine water is acid and destructive to 
iron, steel, and cast iron, it is not nearly as acid as 
the majority of mine waters formed in bituminous 
coal mines. The average acidity, determined from a 
great number of water samples taken from almost 
all the mines of the anthracite region, shows a pH 
factor of 3.2. The chief source of acid in the mine 
water is the iron sulfide (FeS) that occurs in the 
coal seams and in the associated rock as pyrite or 
as marcasite. By oxidation, in the presence of mois- 
ture, ferrous sulfate (FeSO,) and subsequently sul- 
furic acid (H.SO,) in solution are produced. The 
former changes to ferric sulfate and forms a rust- 
colored precipitate, known as yellow boy, which so 
encrusts pumps and pipelines that periodic removal 
is necessary. 

These characteristics of anthracite mine water 
make it imperative that pumping equipment and 
pipelines in contact with the water be made of cor- 
rosion-resisting material, such as bronze or stain- 
less steel, or be protected, where feasible, with rub- 
ber or bituminous compounds. 

History of Engineering Study: In the search for 
a satisfactory solution, the anthracite mine water 
problem has been the subject of many and varied 
studies, plans, and efforts made not only by the coal 
companies and the Commonwealth of Pennsylvania 
but most extensively by the Federal Government. 
Most prominent and far-reaching was the USBM 
study carried out from 1944 to 1954 by engineers of 
the Anthracite Flood-Prevention Section. In the 
course of this study the USBM published 25 bul- 
letins, information circulars, reports of investiga- 
tions, and technical papers on all aspects of the 
mine water problem, such as pumping records of 
all mines, underground mine water pools, condition 
of barrier pillars, evaluation of surface and stream 
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bed seepages, corrosion properties of mine water, 
and mapping of the buried valley of the Susque- 
hanna River. 

At the conclusion of the engineering study, com- 
prehensive recommendations were made for a pos- 
sible solution of the anthracite mine water problem. 
Most spectacular and ambitious was a plan for 
an extensive drainage tunnel system that would 
provide for gravity drainage of all anthracite mine 
water into the estuaries of either the Susquehanna 
River or the Delaware River. The plan called for 
driving a main tunnel 137 miles long, with several 
lateral or branch tunnels leading to the four separ- 
ate anthracite fields. 

In 1954 the Commonwealth of Pennsylvania es- 
tablished a seven-man Anthracite Mine Drainage 
Commission, under the chairmanship of the Secre- 
tary of Mines, to evaluate proposals for dealing 
with the anthracite mine water problem and, more 
specifically, to review the drainage tunnel scheme. 

In October 1954 the Commission submitted a re- 
port to the Governor of Pennsylvania with a recom- 
mendation that the long-range tunnel plan be 
shelved, because of its magnitude in scope and ex- 
penditures, in favor of a short-range action plan of 
limited scope and cost. The plan recommended was 
a revision of a postwar employment proposal, form- 
ulated in 1943, providing for pumping plants in 
mines, and for ditches, stream bed improvement, 
and backfilling of stripping pits to reduce surface 
water seepage into the mines. 

Legislative Action: On the basis of a report by 
the Anthracite Mine Drainage Commission to the 
Governor of Pennsylvania, the General Assembly 
of Pennsylvania and the Congress of the U. S. 
enacted legislation that established a State-Federal 
Mine Drainage Program, for which a total appro- 
priation of $17,000,000 was to be made available. 
The 84th Congress enacted Public Law 162, author- 
izing the Secretary of the Interior to contribute an 
amount not to exceed $8.5 million to the Common- 
wealth of Pennsylvania, to be matched by Com- 
monwealth funds of an equal amount, for projects 
designed for the control and drainage of anthracite 
mine water. Such appropriations were made con- 
tingent, however, on prior approval of individual 
projects by the Secretary of the Interior and on the 
provision that the amounts contributed by the Sec- 
retary of the Interior, and the equally matched 
amounts contributed by the Commonwealth, should 
not be used for operating and maintaining projects 
constructed pursuant to the Act. 

The Commonwealth of Pennsylvania, by Act 82 
of the General Assembly, appropriated $8.5 million, 
to be matched by contributions from the Federal 
Government, for executing such a program and di- 
rected the Secretary of Mines and Mineral Indus- 
tries to construct ditches and flumes, backfill strip- 
ping pits, and crop falls; to improve stream beds 
for the purpose of preventing flow of surface water 
into mines; and to purchase and install pumps, 
pipes, machinery, equipment, and materials to 
pump water from abandoned mines. The Act also 
stipulates that no amounts appropriated shall be 
used for operating and maintaining facilities pro- 
vided, or for installing any underground facilities. 

Federal implementation of the mine drainage 
program was begun in September 1955 with es- 
tablishment of a Branch of Mine Drainage in the 
USBM Division of Anthracite, which is charged 
with conducting the engineering and inspection work 


TRANSACTIONS AIME 


This creosoted wood flume is flowing near capacity after a 
heavy rainfall. Mine flooding is inevitable if maximum inflow 
of water from the flash floods common to the area is not 
considered in designing mine pump and sump capacities. 


involved in carrying out the Federal Government’s 
responsibilities in connection with all matters re- 
lating to the control of drainage of anthracite mines 
in accordance with Public Law 162, 84th Congress. 
The activities of the branch involve a general but 
through study of the entire anthracite mine water 
problem and, specifically, engineering evaluation of 
individual programs and projects to ascertain that 
they are planned, designed, and executed in com- 
pliance with the spirit and specific requirements of 
the special act and in accordance with certain ad- 
ministrative procedures established between the 
governmental agencies. 

The Commonwealth of Pennsylvania is imple- 
menting its part of the mine drainage program 
through the Department of Mines and Mineral In- 
dustries. A deputy secretary of this department is 
in charge of the activities and directs the formula- 
tion and execution of individual projects submitted 
by various anthracite mining companies, complete 
with plans and specifications attached to their peti- 
tions, for assistance in meeting the mine flooding 
hazard relating to a certain mine or group of 
adjoining mines. 

In conformity with Federal Act 162 and corres- 
ponding Commonwealth Act 82, the Pennsylvania 
Department of Mines and Mineral Industries has 
full responsibility for installing, operating, and 
maintaining projects constructed pursuant to these 
Acts and must give evidence, satisfactory to the 
Secretary of the Interior, that projects will be so 
located, operated, and maintained as to provide 
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maximum conservation of anthracite resources and 
that the Pennsylvania Department will enforce 
effective installation, operation, and maintenance 
safeguards. 

Flood Control Program in Action: Actual work 
contemplated under the State-Federal flood control 
program, now in progress, comprises installation or 
construction of three major types of facilities de- 
signed to assist the operating companies in their in- 
dividual and cooperative efforts to reduce pumping 
costs and prevent the flooding of active mines: 

1) Electrically driven deep-well pumps, of the 
vertical turbine type, to be placed in shafts or bore- 
holes of idle and abandoned mines for the purpose 
of controlling the level of the mine water pools and 
preventing overflow into adjacent active mines. 

2) Stream bed improvement to eliminate or at 
least materially reduce stream bed seepage by lin- 
ing the old channels with concrete slabs or bitumin- 
ous coatings, or by relocating channels onto non- 
caving or impervious ground or conducting the flow 
over broken and subsided surface in flumes or pipes 
made of wood, steel, or concrete. 

3) Surface improvement to reduce surface seep- 
age in certain limited critical areas by grading or 
ditching for unimpeded run-off and by backfilling 
and grading crop falls and abandoned stripping pits 
that are connected to underground workings. 

Of the total $17 million appropriated for the joint 
State-Federal mine flood control program, $7.5 mil- 
lion has been tentatively budgeted for deep-well 
pump installations, $6.5 million for stream bed and 
surface improvements, and $3 million for backfill- 
ing stripping pits and other miscellaneous corrective 
measures. 

Execution of the program will probably require 
four years, during which the Secretary of the In- 
terior will render to the Congress, on or before 
February lst of each year, a report of progress and 
accomplishments. 

Because Act 82 of the General Assembly of Penn- 
sylvania specifically states that the Commonwealth 
shall not bear the installation costs of any under- 
ground facilities, all pumping plants to be fur- 
nished under the joint State-Federal flood-control 
program will be installed on the surface and will 
necessarily be of the deep-well type. 

Deep-well pumps are no novelty in the anthra- 
cite region; about 30 such pumps have been in op- 
eration at various anthracite mines during the last 
15 years. They are all of the vertical turbine type, 
capacity ranging from 1000 to 5000 gpm for heads 
up to 500 ft. Submersible pumps, so far, have found 
no acceptance in the anthracite region, principally 
because up to the present they have been built only 
for installations that require motors of less than 
450 hp. 

Under the joint State-Federal mine flood control 
program, capacity of most of the planned deep-well 
pumps will range from 3000 to 6000 gpm over hy- 
drostatic lifts of approximately 500 ft. One pro- 
posed installation, however, will consist of two 
pumps, each having a 3000-gpm capacity for a head 
of 1000 ft, requiring a 1000-hp motor. 

Based on results of the USBM research study of 
1954, which disclosed that all types of stainless 
steel containing over 12 pct Cr had adequate cor- 
rosion resistance in the most severely corrosive 
mine water in the anthracite region, it was con- 
sidered imperative that all parts of pumps and 
column lines coming in contact with mine water 


1144—MINING ENGINEERING, OCTOBER 1957 


should be made either of corrosive-resisting metal 
or alloy, or be protected with an acid-resisting 
cover material. Tests had also disclosed that the 
corrosion rate of the 88-2-10 bronze alloy (88 pct 
Cu, 2 pet Pb, and 10 pct Sn) was one-fourth that 
of 75-15-10 bronze alloy, which had been used al- 
most exclusively up to that time in the pumps of 
anthracite mines. Consequently, all bronze parts in 
the deep-well pumps to be furnished under the 
program will be of the 88-2-10 type, designated as 
SAE-63. The combined erosion and corrosion re- 
sistance of stainless steels with 18 pct Cr is about 
300 times higher than that of the 88-2-10 bronze 
alloy and 1200 times higher than that of the 75-15- 
10 bronze alloy. In view of these established facts, 
the specifications for the pumps to be purchased 
under the mine flood control program call for the 
widest application of stainless steel in all parts of 
the pumps that come in contact with mine water. 
Pump bowls are to be made of SAE-63 bronze. 
Column lines will be made of carbon steel but are 
to be lined and coated with a 3/16-in. semihard 
rubber compound. The flanges of the pipes cannot 
be covered with rubber; therefore, they will be 
made of stainless steel. 

All planned deep-well pump installations will 
be designed for automatic or semi-automatic opera- 
tion, actuated either by a time clock or float ar- 
rangement, or a combination of both. Operation and 
maintenance of the pumps will be the contractual 
duty of the owner of the mine where the pumping 
plant is located, or by the owner of an adjacent 
mine whose operation is protected by the facilities 
provided. 

Before any project proposal can be accepted and 
approved, the petitioner must conclude an opera- 
tion and maintenance agreement with the Common- 
wealth of Pennsylvania for a minimum period of 
five years, whether for a deep-well pumping plant, 
surface flume, or stream bed improvement project. 
Sixteen individual projects have so far been ap- 
proved or await approval. Contracts for these proj- 
ects will be awarded by the Pennsylvania Depart- 
ment of Mines and Mineral Industries to the lowest 
responsible bidder. 


Conclusions 


It must be emphasized that the present Federal- 
State mine drainage program does not completely 
solve the mine water problem of the anthracite re- 
gion. At best it is an emergency program designed 
to prevent disastrous mine floods. 

Should the future demand for energy derived 
from solid fuel increase in line with current pre- 
dictions, a stronger market for anthracite is a dis- 
tinct possibility. It is also expected that current re- 
search in the utilization, preparation, and mining 
of anthracite will bring about new markets for this 
commodity. Shrinking reserves of oil and natural 
gas will ultimately necessitate substituting other 
fuels if future U. S. energy requirements are to 
be met to the fullest extent in war and peace. It 
seems prudent national policy to assist the hard- 
pressed anthracite industry in preserving a basic 
natural resource that will provide: 1) a continuing 
source of supply for present users of anthracite; 
2) fuel insurance during national emergencies; 3) 
insurance against the untimely ultimate depletion 
of domestic oil and natural gas; and 4) continued 
economic health of a sizable segment of the popu- 
lation. 
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Modern Grinding Plant Design in the 


Cement Industry 


by W. R. Bendy 


RINDING is a large and costly part of Portland 

cement manufacture. Prior to clinkering in the 
rotary kiln, raw materials are ground to a fineness 
of 80 to 90 pct passing 200 mesh. Then, after burning 
and cooling, the resulting clinker is ground to about 
92 pct passing 325 mesh. 

In the cement industry the most favored method 
of grinding has always been by impact and attrition 
of a ball charge in a rotating mill. Other types of 
mills, in which materials are ground between die 
rings and rollers, or between die rings and large 
balls, are sometimes used for single-stage grinding 
and often for preliminary grinding followed by 
grinding in ball-type mills. Their efficiency is 
usually high, but maintenance and repair costs are 
high also, and the ball-type mill continues to be the 
most widely used. 

Together with 4 pct gypsum to retard setting time, 
the kiln run clinker—consisting of hard, semi-fused 
lumps that may have been crushed to —% in.—is 
ground to a Blaine surface area of 3000 sq cm per 
gram and about 92 pct passing 325 mesh. Approxi- 
mately 32 kw-hr per ton, or 6 kw-hr per 376-lb 
barrel, are consumed in the grinding mills alone, 
not counting auxiliaries. 

Open Circuit Clinker Grinding: Many early clinker 
grinding plants employed two-stage, open circuit 
grinding. Comparatively short mills of large diame- 
ter, loaded with balls 4 in. and smaller, first reduced 
the clinker to 95 pct passing 14 mesh. Tube mills of 
smaller diameter and greater length, loaded with 
balls 144 in. and smaller, carried out the fine grind- 
ing operation. 

An early development was to assemble two or 
more stages of grinding in a single mill having two, 
three, or four compartments separated by division 
heads. There were difficulties in balancing the com- 
partments, but compartment mills were popular in 
the 1920’s because the layout was simple and there 
were no elevators and conveyors. 

Oversize Particles: Open circuit mills, whether 
separate ball and tube mills or compartment mills, 
always encountered the problem of tramp oversize 
in the product. A small percentage of clinker sur- 
vived passage through the first grinding stage as 
particles—perhaps 1/16 in. diam—that were too 
large for the smaller balls in the following stages to 
reduce to —200 mesh. When the feed rate was low- 
ered to reduce tramp oversize, there were serious 
losses in grinding efficiency. 


W. R. BENDY is Head of W. R. Bendy Cement Engineers, St. 
Louis, Mo. 
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Many ingenious designs were perfected to incor- 
porate perforated screen plates or wire mesh screens 
in the ball mills or in the first compartments of com- 
partment mills. Their purpose was to prevent mate- 
rial passing out of the first stage until it was small 
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THREE COMPARTMENT MILL 
TOP: Open circuit ball and tube mills. 


BOTTOM: Open circuit compartment mill. 


Designer's Check List 


1. Raw and clinker mills in line. 
2. Traveling crane over all mills. 
3. Headroom and through passageway for trucks 
under mills. 
4. Provision for storing, loading, and weighing 
grinding balls. 
5. Spotting provisions on mill motors. 
6. Hoisting beams over elevators. 
7. Unimpeded, straight-line passageways for 
operators. 
8. Access between floors by shortest route. 
9. Centralized operating controls. 
10. Strategically located welding outlets. 
11. Permanent vacuum cleaning system and 
outlets. 
12. Washroom facilities. 
13. Chemical control laboratory in mill room. 
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TOP: Ball and tube mill with vibrating screen. 


BOTTOM: Compartment mill with vibrating screen. 


enough. Separate vibrating screens were also used, 
the tailings being returned to the mill. 


Closed Circuit with Air Separator: Although 
screens after the first stage of grinding largely solved 
the problem of tramp oversize, the final stage still 
remained in open circuit. With the passage of time, 
higher and higher cement finenesses were called for. 
Overheating and ball coating reduced grinding effi- 
ciency. It became increasingly costly to produce the 
new high-fineness cements in open circuit. 

The solution to these difficulties was the air sepa- 
rator, long used in Germany before it was adopted 
in the U. S. The original feed enters the separator at 
the top and falls onto a rotating plate, where it is 
thrown out by centrifugal force. While moving 
radially outward, the particles of cement encounter 
a cross-flow of air impelled by the rotating fan 
blades. Fine particles are picked up by the air cur- 
rent and deposited in the outer cone, leaving by the 
fines spout. Coarse particles are not picked up by 
the air and fall into the inner cone, leaving by the 
tailings spout. 

Although the air separator does not give a clean 
separation of particles finer than about 48 mesh, it 
does divide the mill product into fines and tailings. 
The fines contain more of the —200 mesh particles 


Particle Size Distribution in an Air Separator 


Feed Fines Tailings 


to Air from Air from Air 
Separator, Separator, Separator, 
Size Range, 220 Pct 100 Pct 120 Pct 

+45 55 25 80 
—45 +30 ti 12 3 
—30 +20 10 18 4 
—20 +10 it 19 4 
—10 17 26 9 
100 100 100 
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than the tailings, and, conversely, the tailings con- 
tain more of the +200 mesh particles than the fines. 
In the table in column 1 showing typical particle 
size distributions the tailings amount to about 1.2 
times the fines. It will be noted that the tailings con- 
tain some fine material. 

When the tailings from an air separator are re- 
turned to the mill, a circulating load is created. Al- 
though the circulating load contains a certain amount 
of fine particles, the material in transit through the 
mill is considerably coarser than in open circuit. 
This reduces the formation of coating on the small 
balls. It is also possible to draw a large quantity of 
air through the air separator, exhausting it to a 
bag-type dust collector, thereby cooling both the 
tailings being returned to the mill and the finished 
cement. Imperfect as the air separator may be as an 
accurate sizer of fine particles, it has the following 
advantages, which become more pronounced with 
high-fineness cements: 1) elimination of oversize 
particles; 2) reduction of ball coating; 3) lowering 
of temperature of mill and product; 4) some gain 1n 
mill output. 

The aim of closed circuit grinding is to remove 
fine particles before power is wasted in overgrinding 
them. In the case of cement, it is to desired to pro- 
duce surface area and a resultant plastic, workable 
concrete. Too great a reduction in the proportion of 
fine particles might be undesirable. For many years, 
therefore, the belief persisted that open circuit 
cements might have qualities superior to those of 
cements produced with an air separator, but re- 
peated investigations have failed to show any meas- 
urable difference. In this respect, the inefficiency of 
the air separator may be a desirable attribute in 
grinding cement. Most U. S. cement plants now use 
air separators in grinding cement. 

It is entirely feasible first to grind the clinker in 
a preliminary mill, and then to follow it with a tube 
mill in closed circuit with an air separator. This is 
done in many older installations, in which air sepa- 
rators have been applied to existing tube mills. 
Once the air separator is employed, however, no ad- 
vantage can be found in doing the preliminary 
grinding in a separate mill. Modern installations 
often use the closed circuit compartment mill, which 
is simpler. 

With an air separator it has been found equally 
feasible to use a short ball mill instead of a longer, 
multicompartment mill for grinding cement. The 
only requirement is that the clinker be crushed to 
about —¥% in. so that the mill can be loaded with a 
graduated charge having a maximum size of ball no 
larger than 3 in. So far no appreciable difference has 
been found in efficiency or in the quality of product 
between the closed circuit ball mill and the closed 
circuit compartment mill. 

In the closed circuit compartment mill illustrated 
here the tons per hour of separator fines is the same 
as the mill feed. Separator tailings form the circu- 
lating load. Circulating load, expressed as the ratio 
of tailings to the original mill feed, may be calcu- 
lated as follows: 


Separator tailings, tph 


Original mill feed, tph _ 
Pct fineness sep fines— pct fineness sep feed 


Pct fineness sep feed — pet fineness sep tailings 


Circulating load = 


Arrangement of Units for Clinker Grinding: The 
lowest capital investment for a cement plant of given 
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Data for One 1500-Hp Clinker Grinding Mill 


Output 200 bbl per hr 
Feed size — ¥% in. 
Fineness of product 3000 SS, Blaine 
Circulating load 600 pct 
Elevator capacity 270 tph 
Air required for dust suppression 

and cement cooling 21,000 cfm 
Temperature of exhausted air 180°F 
Temperature of cement 200°F 


Installed Horsepower 


Mill 1500 
Excitation 50 
Separator 125 
Elevator 50 
Dust collector 60 
Cement pump 100 
Compressor for cement pump 125 
All feeding, conveying, and mis- 
cellaneous 30 
Total 2040 
Power Consumption Kw-Hr Per Bbl 
Mill alone 6.0 
Auxiliaries, less pumping VEG 
Pumping finished cement 0.8 
Total 7.9 


Capital investment, including all 
equipment, installation, build- 
ing, electric wiring, transform- 


ers $700,000 
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Compartment mill in closed circuit with air separator. 
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Particle Size Distribution of Typical Cement 


Size Range, Pet 
+45 25 
—45 +30 13 
—30 +20 17 
—20 +10 19 

—10 26 


*1u = 0.001 mm or 1/25,400 in. 


size can be attained by using the fewest number of 
the largest units readily available. Grinding mills in 
the cement industry have reached the 1500-hp mark 
and will probably become even larger. For such a 
mill, the designer of a clinker grinding plant must 
assemble the equipment listed below. It will be un- 
derstood that many other size combinations are 
possible: 


Mill feed bins, with feeders. 


A 12%x18-ft ball mill. 

A 1500-hp, 200-rpm motor. 

A 10-ton service crane for repairing the mill. 

A 16-ft diam air separator. 

A 270-tph elevator, for 600 pct circulating load. 
A 21,000-cfm dust collector. 


A longer mill of small diameter, with two com- 
partments separated by a division head, may be 
substituted for the short ball mill. 

Various arrangements of this equipment are pos- 
sible. If the air separator is placed near the dis- 
charge end of the mill, the elevator can be conven- 
iently located next to the air separator. The tailings 
must then be conveyed back to the feed end of the 
mill. If the tailings conveyor is located beneath the 
service crane, there is some restriction to the move- 
ment of the crane hook. If it is placed above the 
service crane, the air separator must be installed 
higher. 

If the air separator and the elevator are placed at 
the feed end of the mill, the mill product can be 
conveyed back to the elevator by an airslide. All 
auxiliary equipment is concentrated in the high sec- 
tion of the building at the feed end of the mill. A 
lower section of the building houses the mill, motor, 
and service crane. 

In the illustrated variation of these arrangements, 
the elevator is placed at the discharge end of the 
mill and the air separator at the feed end. The mill 
product must then be carried from the head of the 
elevator to the air separator by a conveyor located 
above the service crane. 

Raw Material Grinding: In the cement industry 
raw material grinding may be carried out as part of 
the wet process, in which a slurry is produced for 
feeding to the rotary kilns, or by the dry process, in 
which dry pulverized raw material is fed to the 
kilns. The most common primary material is lime- 
stone, although cement rock, marl, or marine shells 
are sometimes used. Secondary materials are usu- 
ally shale or clay. In the wet process they may be 
ground with the limestone or ground or washed sep- 
arately and blended in later in the form of slurry. 
In the dry process they are ground with the lime- 
stone. 

In contrast to clinker grinding, surface area is 
probably less important in raw grinding than elimi- 
nation of all particles above a certain size (perhaps 
100 mesh) that do not react readily in the rotary 
kiln. With open circuit grinding a fineness of at least 
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Data for One 1000-Hp Raw Grinding Mill 


Output 

Feed size 

Fineness of product 

Circulating load 

Elevator capacity 

Average moisture in raw mate- 
rials 

Air required for dust suppres- 
sion and drying 


200 bbl per hr (60 tph) 
—¥2 in. 
80 pct passing 200 mesh 
500 pet 
360 tph 


5 pet 


18,000 cfm 
600° to 800°F 
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Air separator at feed end and elevator at discharge end of mill. 
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Raw drying and grinding installation. 
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Temperature or air to separator 
Temperature of air to dust col- 


lector 180°F 
Dewpoint of air to dust collector 120°F 
Installed Horsepower 
Mill 1000 
Excitation 30 
Separator 125 
Elevator 60 
Dust collector 50 
Cement pump 100 
Compressor for cement pump ~ 125) 
All feeding, conveying, and mis- 
cellaneous 25 
Total 1515 
Power Consumption Kw-Hr Per Bbl Kw-Hr Per Ton 
Mill alone 4.0 13.3 
Auxiliaries, less pumping 1.0 3.3 
Pumping raw material 0.8 2.6 
Total 5.8 19.2 


Capital investment, including all 
equipment, installation, build- 
ing, electric wiring, transform- 
ers $650,000 


90 pct passing 200 mesh is commonly used. With 
closed circuit grinding, resulting in fewer coarse 
particles and fewer ultrafine particles, finenesses of 
80 pct passing 200 mesh often give a perfectly satis- 
factory kiln feed. 

Grindability of raw materials varies widely. Com- 
pared to about 32 kw-hr per ton for clinker, raw 
material grinding may consume 12 to 22 kw-hr per 
ton, depending on the use of wet or dry grinding 
and on grindability of the material. Owing to loss 
of weight by calcination, the weight of dry raw 
material to be ground is about 1.6 times the weight 
of finished cement. Despite this, raw grinding con- 
sumes only 65 pect as much power in the process of 
cement making as that required for clinker grinding. 

Combined Raw Drying and Grinding: The older 
system is to pre-dry the raw materials in rotary 
driers before grinding. The modern system is to 
flash-dry in the air separator. Both the original feed 
and the mill product are fed to the air separator, 
through which a large volume of preheated air is 
drawn and exhausted to a bag-type dust collector. 
The tailings from the air separator are practically 
dry and form the only feed to the mill. Enough air 
must be supplied to act as a vehicle for the water 
vapor, in order to avoid condensation in the dust 
collector. 

Dry raw material grinding has undergone the 
same changes as clinker grinding in developing from 
two-stage open circuit to single-stage closed circuit. 
However, a compartment mill is not considered suit- 
able or necessary for combined drying and grinding 
—the single-compartment ball mill is usually em- 
ployed. 

The chief difference between modern dry raw 
grinding and clinker grinding is that a hot air fur- 
nace must be provided to heat the air supplied to the 
air separator. The original feed passes through the 
air separator before entering the mill. 

Wet Material Grinding in Open Circuit: In the 
cement industry wet raw grinding has gone through 
stages of development similar to clinker grinding. 
The first step was two-stage grinding in open circuit, 
either with ball mills followed by tube mills or with 
compartment mills. Then screens were added after 
the first stage to avoid tramp oversize particles. The 
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ABOVE: Combined raw and clinker grinding department dry process. 


RIGHT: Combined raw and clinker grinding department wet process. 


similarity ceases at this point, because in the second 
stage no method of classifying fine particles is very 
effective with the viscous slurry required for kiln 
feed. Thin slurry classification requires subsequent 
thickening, which is sometimes regarded as an un- 
desirable complication of the process. The final stage 
of wet grinding has therefore remained in open cir- 
cuit at many wet process cement plants, both old 
and new. 

To obtain the lowest possible fuel consumption in 
the rotary kilns the slurry is ground in a highly vis- 
cous state with as little water as possible. Usual 
moisture content is about 35 pct, although some 
raw materials require 40 pct or higher. Each 1 pct 
of additional moisture content increases the fuel 
consumption per unit of output by about 1.8 pct. 

Closed Circuit Wet Grinding: To close the final 
stage of the wet grinding circuit with a bowl, rake, 
or screw classifier the slurry must be diluted to 
about 80 pct moisture. Thickeners are needed to 
reach an acceptable kiln feed moisture. 

In 1930 the first thin slurry, full closed circuit, 
wet grinding system was installed by Dewey Port- 
land Cement Co. at Davenport, Iowa. The first com- 
partments of existing compartment mills were op- 
erated in closed circuit with rake classifiers, the sec- 
ond compartments with rake-bowl classifiers. In 
1938 Universal Atlas Cement Co. installed at Mill 
No. 8 a complete closed circuit wet grinding system 
using 350-hp preliminary mills followed by similar 
secondary mills. An identical grinding system was 
installed at Mill No. 2 in 1944, and similar installa- 
tions have been made elsewhere. In 1950 the Mis- 
souri Portland Cement Co. at St. Louis installed 
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single-stage closed circuit grinding, using a 1000-hp 
ball mill in closed circuit with a rake-bowl classifier. 

Compared with open circuit grinding, the gain in 
efficiency in all these cases was phenomenal—75 to 
125 pct in output per installed mill horsepower, or 
43 to 55 pct lower mill power consumption per unit 
of output. Ball wear per ton of product, which is 
considerably higher for wet grinding than for dry, 
was greatly reduced. 

Generally there has not been much trouble using 
large diameter thickeners to bring the 80 pet mois- 
ture slurry down to normal kiln feed moisture. In 
some instances, however, there were difficulties, par- 
ticularly with limestones containing colloidal im- 
purities, or with fine colloidal clay or shale used as 
the argillaceous component of the raw materials. 

Although they are seldom serious, these occasional 
difficulties have slowed the trend toward wet closed 
circuit grinding in the cement industry. Some com- 
panies have installed wet, open circuit compartment 
mills, with various forms of screens to control the 
tramp oversize, preferring the lower efficiency to 
the unknown difficulties of slurry thickening. 

Combined Raw and Finish Grinding Departments: 
To save labor and simplify the electrical system, it 
is highly desirable to have all grinding mills, both 
raw and clinker, arranged in one building. A single 
crane, for servicing and repairing all the mills, is a 
great advantage. It is also convenient to set the mills 
in a line high enough for a truck to pass beneath 
them from one end of the mill room to the other. The 
service crane and truck passageway greatly facili- 
tate handling manhole covers, repair parts, and ball 
charges. 
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Thermal Drying Fine Coal 


by G. L. Judy and H. L. Washburn 


URING recent years thermal drying of fine coal 

has increased at a tremendous rate, but very 
little discussion of the several excellent units has 
found its way into print. This is particularly true for 
operating and maintenance costs, and the operator 
who is faced with his first fine coal drying installa- 
tion must depend chiefly on hearsay when trying to 
determine what his drying costs will be. 

This article presents the maintenance and oper- 
ating costs for the seven drying units now installed 
in preparation plants of Pittsburgh Consolidation 
Coal Co. and lists other cost information that should 
be obtained before any particular drying unit is 
selected. 

Plant Description: The fine coal drying section of 
Plant A consists of four Flash driers operating on 
two furnaces equipped with spreader stokers. Plant 
B has one Flash drier operating (together with a 
screen-type coarse coal drier) on one furnace 
equipped with a spreader stoker. Plant C has two 
Cascade-type driers operating on a single furnace 
with a spreader stoker. 

Plant Costs: Tables I, II, and III present the cost 
of operating these units as reported by the individ- 


G. L. JUDY and H. L. WASHBURN, Members AIME, are Vice 
President and Preparation Manager, respectively, Consolidation Coal 
Co. (W. Va.), Division of Pittsburgh Consolidation Coal Co., Fair- 
mont, W. Va. 

TP 4628F. Manuscript, March 7, 1957. New Orleans Meeting, 
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ual plants. As can be seen, the labor rates vary, de- 
pending on the amount of overtime paid and the 
time interval the cost figures cover. There is con- 
siderable variation in thermal units used and in the 
value given to the thermal units at the particular 
mine. There is some difference in power costs at a 
given location and, finally, the power costs of con- 
veyors leading to the drying plants were included 
in some cases. Maintenance supply costs are simply 
a tabulation of the cost of all supplies used on the 
driers, furnaces, and stokers. Depreciation is not in- 
cluded, and the tables omit items such as super- 
vision, plant cleanup, oiling, general maintenance, 
taxes, and insurance. 

These tables in themselves do not offer a true 
comparison of costs. This information must be re- 
duced to some common basis. But what is this com- 
mon basis to be? A mine operator must calculate his 
overall mine and preparation plant costs in terms of 
tons of clean coal sold. Unit costs on pieces of equip- 
ment within a given plant are correctly calculated 
on the same basis. However, when unit costs are 
compared between one plant and another, some 
thought must be given to unit design. This reason- 
ing is similar to the old argument concerning solid 
bowl vs basket-type centrifuges—the units them- 
selves are not directly comparable without their 
supporting equipment. So it is with thermal driers. 
Except in rare cases of low entering moisture con- 
tent, driers are sized on the basis of water that must 
be evaporated, while the wear each unit gets de- 


Table |. Flash Drying Costs, Including Furnaces, for 
1955 at Preparation Plant A of Pittsburgh 
Consolidation Coal Co. 


Table Il. Flash Drying Costs, Including Furnaces, for 
1955 at Preparation Plant B of Pittsburgh 
Consolidation Coal Co. 


Cost Per 
Ton of Coal 
(at 0.0 Pct Surface 


Amount, Moisture) Dried 
Item $ by Equipment, $ 
Operating Labor 
(Average rate = $2.525) 10,705.01 0.0103 
Supply — _ 
Maintenance Labor 
(Average rate = $3.641) 26,426.83 0.0255 
Supply 26,382.78 0.0255 
Fuel @ $0.75 per ton 
(9,000 Btu) 22,132.80 0.0214 
*Power 
(1056.4 connected horsepower) 30,294.06 0.0292 
Total Cost 115,941.48 0.1119 
Size dried x Oin. 
ons @ 0.0 pct surface moisture 1,036,408 
Operation of driers, hr 4,240 
Tons per hour dried (@ 0.0 pct 
surface moisture) 244.4 
Surface moisture input 8.5 pet 


Surface moisture output 2.5 pet 


Seam Pittsburgh 
Inherent moisture 1.9 to 2.0 pet 


Cost Per 
Ton of Coal 
(at 0.0 Pct Surface 


Amount, Moisture) Dried 
Item $ by Equipment, $ 
Operating Labor 
(Average rate = $2.967) 2,699.19 0.0271 
Supply — = 
Maintenance Labor 
(Average rate = $3.531) 1,733.79 0.0174 
Supply 553.59 0.0056 
Fuel @ $3.02 per ton 2,932.42 0.0294 
*Power 
(209 connected horsepower) 2,918.30 0.0293 
Total Cost 10,837.29 0.1088 
Size dried 3/16 x 0 in. 
Tons @ 0.0 pct surface moisture ,695 
Operation of driers, hr 1815.50 


Tons per hour dried (@ 0.0 pct 

surface moisture) 54.9 
Surface moisture input 7.5 pet 
Surface moisture output 2.5 pet 
Seam Pittsburgh 
Inherent moisture 1.9 to 2.0 pct 


* Actual connected horsepower on driers and furnaces = 779 hp. 
Power costs calculated from following information: $161,750.87 
power cost for 5640 connected horsepower for 4240 operating hours. 


* Actual connected horsepower on driers and furnaces = 192 hp. 
Power costs calculated from following information: $0.0103 per 
kw-hr and 1815.50 operating hours. 
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Table IV. Comparative Costs of Thermal Drying Units 


Preparation Plant A 


Preparation Plant B Preparation Plant C 


Hours Cost Per Cost Per Hours Cost Per Cost Per Hours Cost Per Cost Per 
Per Ton Ton of Ton of Per Ton Ton of Ton of Per Ton Ton of Ton of 
of 0.0 Pet 0.0 Pet Water of 0.0 Pct 0.0 Pet Water of 0.0 Pet 0.0 Pet Water 
S.M. Coal S.M. Coal Evapo- S.M. Coal S.M. Coal Evapo- S.M. Coal S.M. Coal Evapo- 
ee Dried Dried, $ rated, $ Dried Dried, $ rated, $ Dried Dried, $ rated, $ 
Operating 
Labor (rate $2.818) 0.004091 0.0115 171 
Maintenance 0.17 0.009125 0.0257 0.463 0.009841 0.0277 0.305 
& Labor (rate $2.986) 0.007003 0.0209 0.311 0.004925 0.0147 0.265 0.002253 0.0067 0.074 
ee 0.0255 0.379 0.0056 0.101 0.0171 0.188 
ant ubtotal 0.011094 0.0579 0.861 0.014050 0.0460 0.829 0.012094 0.0515 0.567 
(at 2200 Btu per 
lb of water evap- 
and 16¢ per 
Btu 0.047 : 
Baker 3 0.703 0.0390 0.704 0.0639 0.705 
(at $0.007 per con- 
nected horsepower) 0.0223 0.331 0.0245 0.442 0.0233 0.257 
(779 conn. hp) (779 conn. hp) (192 conn. hp) (192 conn. hp) (366 conn. hp) (366 conn. hp) 
Total cost 0.1275 1.895 0.1095 1.975 0.1387 1.529 
Composite of Follow- 
ing Costs in Pro- 
portion to Their 
Tonnage 
1. Cost per ton of 
0.0 pet S.M. coal 
dried 
0.2388 0.2074 0.2544 


2. Cost per ton of 
water evaporat- 
ed. 


pends chiefly on the amount of coal handled. There- 
fore, when drying units in different plants are com- 
pared, the cost per unit weight of water evaporated 
must be calculated as well as the cost per unit 
weight of dry coal handled. 

The writers have chosen a set of conditions and 
made these calculations, presented in Table IV. The 
labor rate happens to be that in effect at one of the 
Pittsburgh Consolidation Coal Co. mines. It has been 
assumed that an efficient drying plant should be 
able to operate on 2200 Btu per lb of water evapo- 
rated and that those thermal units have a value of 
$0.16 per million. Average cost of power per con- 
nected horsepower-hour for the three plants was 
selected as representative for this calculation. Table 
IV reveals that on the basis of cost per ton of 0.0 pct 
surface moisture coal Plant C has the highest cost 


Tabie Ill. Cascade Drying Costs from May 1953 to 
November 1956 at Preparation Plant C of Pittsburgh 
Consolidation Coal Co. 


Cost Per 
Ton of Coal 
(at 0.0 Pct Surface 


Amount, Moisture) Dried 
Item $ by Equipment, $ 

Operating Labor 

(Average rate = $2.480) 36,683.00 0.0244 

Supply 
Maintenance Labor 

(Average rate = $2.648) 9,240.00 0.0062 

Supply 25,593.00 0.0171 
Fuel @ $3.85 per ton 58,958.00 0.0393 
*Power 

(366 connected horsepower) 31,702.00 0.0211 
Total Cost 162,176.00 0.1081 

Size dried ¥g x 0 in. 

Tons @ 0.0 pct surface moisture 1,500,812 

Operation of driers, hr 13,660 

Tons per hour dried (@ 0.0 pct 

surface moisture) 109.9 

Surface moisture input 10 pet 

Surface moisture output 2.0 pet 

Seam Pittsburgh 

Inherent moisture 1.0 pet 


* Power calculated on basis of horsepower actually connected to 
driers and furnaces, as follows: 85 pct efficiency—13,660 operating 
hours—0.01¢ per kw-hr. 
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and Plant B the lowest. On the basis of cost per ton 
of water evaporated the standings are reversed— 
Plant C has the lowest cost and Plant B the highest. 
It is interesting to compare the weighted composite 
of these two cost figures for the three plants. 


Plant A Plant B Plant C 


Weighted composite of the cost per 
ton of 0 pet surface moisture coal 
dried and the cost per ton of water 
evaporated. 


$0.2388 $0.2074 $0.2544 


Inaccuracies in the tabulation of costs presented 
here could result in the difference between the high 
and low values shown above, and the writers believe 
that if these two types of driers were fed the same 
product in the same plant, maintenance and operat- 
ing costs would be about the same. It must be re- 
membered that these costs do not include depreci- 
ation and general plant overhead, and these are sig- 
nificant items. It must also be emphasized that cost 
of drying is not a fixed value that will stand up in 
all operating conditions and locations. It is a func- 
tion of individual conditions. If the information pre- 
sented in this article is to be of value the following 
steps should be taken: 


1) A calculation (such as Table IV) should be 
made on the basis of labor, fuel, and power costs 
at a particular mine. 


2) A depreciation cost for the installation must be 
determined. Since driers of different design are not 
interchangeable on a capacity basis, there can be 
significant differences in capital costs between in- 
stallations. 


3) The plant layout should be studied to deter- 
mine if the use of other types of driers will result 
in an overall saving in plant structure and con- 
veyors. 


4) Finally, the purchaser should determine, to his 
own satisfaction, that the drying units offered will 
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evaporate the guaranteed amount of water under 
the operating conditions set out in the guarantee. 

From a cost standpoint, items 2 and 3 are particu- 
larly important. Experience has shown that when 
all other factors are equal the decision as to which 
drying unit to use is often determined by unit and 
structural costs alone. 

Although there are many factors other than costs 


to be considered before a fine coal drying unit can 
be selected that is right for the particular job, this 
information will provide a starting point. 

Selection of equipment cannot be made without a 
thorough cost analysis. The proper piece of equip- 
ment for an individual installation cannot always be 
the cheapest unit, but a knowledge of the price be- 
ing paid for certain advantages is essential. 


Technical Note 


Danger Period in Coal Mines Following a Low Pressure Passage 


by Charles Barron McIntosh 


ECAUSE of the well known relationship be- 

tween a low atmospheric pressure and increased 
amounts of methane in coal mines, attempts have 
been made to find associations between low pres- 
sures and coal mine explosions. 

An early study by F. Able disclaimed this rela- 
tionship. He found that half the explosions took 
place during a rising barometer when methane con- 
tent in a ventilated mine would be decreasing. A 
more recent study by C. L. Hosler revealed a close 
relationship between anthracite mine explosions and 
low atmospheric pressure. Bituminous coal mine ex- 
plosions, where coal dust as well as methane can be 
exploded, were found to be more closely associated 
with a rising pressure following a low barometer 
than with the falling or low pressure period. 

Emphasis on rising pressure periods led the pres- 
ent writer to investigate the effect of the post-frontal 
or post-cyclonic weather on coal dust. 

Dust samples of uniform mesh were exposed in an 
Illinois mine. Analyses of the dust taken before and 
after the passage of cold fronts and their accom- 
panying low pressure troughs indicated an increase 
in coal dust moisture prior to a frontal passage and 
loss of moisture from coal dust following the time 
of lowest pressure. Thus the warm, moist air (Tropi- 
cal Maritime) found over the mine during the fall- 
ing pressure period was cooled in the mine and 
moisture added to the dust. Cold, dry air (Polar 
Continental) accompanies the rising barometer fol- 
lowing a frontal passage and the air, being heated 
in the mine, subtracted moisture from the coal dust. 
A similar but seasonal phenomenon occurs from 
summer to winter, the dry dust period in winter 
being recognized as the more dangerous period. 

The question arose as to how the short period or 
daily changes in moisture content of coal dust com- 
pared with the seasonal changes. Temperature and 
humidity statistics were obtained from the surface 
and mine entry for the months of July and January. 
The gain and loss of moisture to the mine were cal- 
culated for these two months as were the gain and 
loss associated with mT (Tropical Maritime) and 
cP (Polar Continental) air masses as observed in the 
investigations. Temperature and humidity statistics 
taken from the two air masses represent a time span 
of only 34 hr. The resultant changes as presented 


C. B. McINTOSH is with the Department of Geography, Eastern 
IHinois State University, Charleston, Ill. 
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1152—MINING ENGINEERING, OCTOBER 1957 


Comparison of Seasonal and Air Mass Moisture 


Variations 
Aqueous Gain or Gain or 
Vapor in Loss to Loss to 
Relative Grains per Mine in Mine in 
Type of Temper- Humid- Cubic Foot Grains per Gallons 
Air ature, °F ity, Pct of Air Cubic Foot per Day 
cr 
air mass 32.6 75 1.621 — 4.250 —10,468 
January 
average 29.5 73 1.382 —4.489 —11,059 
mT 
air mass 71.6 82 6.887 + 1.016 + 2,506 
July 
average 17.5 66 6.678 + 0.807 +1,987 


in the accompanying table verify the supposition 
that short period changes in coal mine moisture may 
attain the magnitude of recognized dangerous sea- 
sonal changes. Statistics for the mT air and the July 
air have been placed next each other and those for 
cP and January air together for easier comparison of 
the two warm and two cold air units. The last col- 
umn readily reveals that there is little difference in 
the amount of moisture being deposited in the mine 
from the mT air and the July average air. A similar 
conclusion is reached regarding the loss of moisture 
from the mine when it is affected by the cP air mass 
or the average January air. 

This comparison would be particularly true from 
late fall through early spring when strongly con- 
trasting air mass changes are a common occurrence. 

The invasion of cold, dry air following a cold 
front thus produces a drying period that could well 
receive more attention as a danger period for coal 
dust explosions. This drying period would compare 
with Able’s explosion period during a rising barom- 
eter. The drying period is also pertinent in Hosler’s 
findings, where it was noted that the average explo- 
sion day (for bituminous coal mines) followed the day 
of lowest atmospheric pressure. Moreover, the au- 
thor’s investigation of some 365 coal mine explosions 
also indicates that this post-frontal period should 
receive special attention in connection with mine 
safety measures. 

Two comparatively recent major explosions in 
Illinois (Centralia and West Frankfort) occurred 
after the mines had been under the influence of 
cold-dry air for 25 to 30 hr following a deep low 
pressure passage. Dust was the important explosive 
element in both these explosions. 
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Grinding Practice at Tennessee 


Copper Co.’s 


Isabella Mill 


by F. M. Lewis and J. E. Goodman 


A larger, slow-speed, under-loaded ball mill and hydraulic 
classifier have almost doubled grinding efficiency at the 


Isabella mill. 


ENNESSEE Copper Co. operates two ore con- 

centrators, the London and Isabella mills near 
Copperhill, Tenn. In 1948 and 1949 the small ball 
mills and rake classifiers in the London concentrator 
were replaced by one large ball mill and one hy- 
draulic classifier. This new ball mill was designed 
oversize so that it could be operated at slower than 
normal speed. The proper operating conditions 
were established and the results published.* Later 
it was found that this mill operated more efficiently 
with a small ball charge.” 

While this London grinding practice was being 
developed, the Isabella grinding circuit was not 
changed in any way. It remained a conventional 
two-stage rod mill—ball mill combination, the rod 
mill in open circuit and the ball mill in closed circuit 
with a rake classifier. Study of the data indicated 
that grinding cost could be lowered by converting to 
the London practice, but not enough would have 
been saved to warrant the expense of converting. No 
plan for improving this grinding operation could be 
developed. 

In 1953 this study was reopened when plans were 
made to increase the Isabella mill output from 1150 
to 1500 tpd. At this time the grinding circuit con- 
sisted of a 6x12 rod mill followed by a 6x12 ball 
mill in closed circuit with a 6-ft rake classifier. An- 
other 6x12 ball mill and 6-ft rake classifier would 
have been sufficient equipment and would have been 
the simplest and cheapest installation. However, 
this would have offered no improvement in grind- 
ing efficiency or operating cost. If, on the other 
hand, the grinding operation could be converted to 
the London practice by installation of one large 
10%x9x9 tricone mill and a 10-ft hydroscillator,® 
lower operating costs would justify the additional 
investment. 


F. M. LEWIS and J. E. GOODMAN, Members AIME, are, re- 
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tration, Tennessee Copper Co., Copperhill, Tenn. 
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Table |. Comparison of Operating Costs 


Grinding 1 2 3 
Equipment Estimated Estimated Actual 
Ball mill size, ft 6x12 10%2x9x9 10%2x9x9 
Motor, hp 200 400 400 
Classifier 6-ft rake .0-ft hydro- 10-ft hydro- 
; scillator scillator 
Capital cost, $ 95,000.00 160,000.00 155,714.48 
Additional invest- 
ment, $ — 65,000.00 60,714.48 
Operating costs, $* 
Liners 0.0263 0.0269 0.0282 
Rods and balls 0.1237 0.0935 0.0890 
Power @ $0.005 per 
kw-hr 0.0350 0.0285 0.0270 
Total 0.1850 0.1489 0.1442 
Savings, cents per ton — 0.0361 0.0408 
Savings, dollars per — 18,400 20,800 
year** 
Return on additional 
investment, pct — 28 34 


_* Costs of feeders, pumps, operating labor, supervision, and 
miscellaneous items are not included, since they are constant 
in either scheme. 

** Tons of ore per year, 510,000. 


Economics: Table I presents estimates for the two 
schemes for enlarging the Isabella mill. In the 
first scheme, column 1, one 6x12 ball mill and one 
6-ft rake classifier were to be added. In the second 
scheme, column 2, the existing small ball mill and 
rake classifier were to be retired and one large mill 
and hydroscillator were to be installed. Estimated 
savings from the difference in operating costs made 
an attractive return on the additional investment for 
the large mill and hydroscillator. Actual costs of 
carrying out this plan are tabulated in column 3b. 
It will be seen that these costs follow the estimates 
in column 3a very closely. The return on the ad- 
ditional investment is calculated from the difference 
in the operating cost in column 1 and the actual 
operating cost in column 3b. This too come very 
close to the estimate. 

Power and Steel: Power requirements and steel 
consumption for the rod mills and ball mills, both 
actual and estimated, are presented in Table II. 
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Table II. Power Requirements and Steel Consumption for Rod and Ball Mills 


1 2 3a 3b 
Original First Second New 
Plant, Proposal, Proposal, tee 
Equipment and Results Actual Estimated Estimated Actua 
Tons per Day 1150 1500 1500 1500 
Equipment 
i 6x12 ft 6x12 ft 6x12 ft 6x12 ft 
Bell nal 6x12 ft 6x12 ft(two) 10%2x9x9 ft 10%2x9x9 ft 
Classifier 6 ft FX 6 ft FX (two) 10-ft hydroscillator 10-ft hydroscillator 
Pump 5x5 ft 5x5 ft 5x5 ft 5x5 ft 
rsepower 
215.0 215.0 215.0 215.0 
Ball mill 225.0 353.0 247.0 226.0 
Classifier 6.0 12.0 10.0 7.3 
Pump 4.9 7.0 7.0 6.3 
Total 450.9 587.0 479.0 454.6 
Kilowatt-Hours per Ton 7.02 7.01 5.71 5.42 
Steel, Pounds per Ton 
Rod mill liners 0.115 0.088 0.088 0.070 
Ball mill liners 0.037 0.047 0.033 0.050 
Rods 0.72 0.55 0.55 0.41 
Balls 0.77 0.93 0.62 0.66 
Product Screen Analysis 
+65 7.9 — == 
—200 53.0 — —— 53.3 


Columns 1 and 3b are from the plant records on 
1150 and 1500 tpd, respectively. Columns 2 and 3a 
are the estimates for the two schemes for enlarg- 
ing the grinding capacity. In both proposals the 
6x12 rod mill was not to be changed in any way. It 
was predicted that the power input to this mill 
would not change and that the same pounds of rods 
and liners per operating day would be required. In 
column 2, in which another 6x12 ball mill and a 
6-ft rake classifier were to be added and operated 
in parallel with the existing 6x12 ball mill and 6-ft 
rake classifier, it was presumed that the ball mill 
grinding efficiency would not change and that the 
daily increase in pounds of balls and liners would 
increase in a direct ratio to the additional power in- 
put to the ball mills. In column 3a, in which the 
London grinding practice was to be followed, all 
credits from the London operation were used in es- 
timating both the power and steel consumption for 
the ball mill. Actual data-in column 3b closely 
approximate the estimates in column 3a. 

Rod Mill: Grinding data on the Isabella 6x12 rod 
mill are presented in Table III. Columns 1 and 3 
are from the plant records on 1150 and 1500 tpd re- 
spectively. Column 2, giving the estimated per- 
formance for the rod mill on 1500 tpd, predicts that 
the efficiency of the rod mill will improve on the 
higher tonnage.** Later a study of the Isabella 


*For a long time the London 6x12 rod mill was handling 1250 
tpd with a work index of 6.2. As time went by plant requirements 
made it necessary to keep increasing the feed rate. Each time the 
feed rate was increased, grinding efficiency improved. At the pres- 
ent time the work index on this rod mill on 2425 tpd is 4.0. Hence 
efficiency improved 35 pct as the feed was increased from 1250 to 
2425 tpd. 


plant data proved that this prediction was correct, 
because this rod mill on 1500 tpd was calculated to 
be 13 pct more efficient than it was on 1150 tpd. 
The pounds of rods used per operating day de- 
creased after the tonnage was raised. No credit was 
taken for this in the estimating because this fact 
had not been recognized. However, since there was 
a reduction in the rod wear, the records were studied. 
They showed that as the grinding efficiency im- 
proved there were reductions in rod wear, which 
can be explained by the widely accepted theory of 
action in a rod mill.*° The ore at the toe of the rod 
charge is carried upward between the rods in their 
upward movement. It is gradually reduced in size 
as it travels spirally and longitudinally through the 
rod charge. The highest efficiency must be reached 
when all the voids between the rods are filled with 
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ore. This reduces the wear on rods, decreasing 
the rod consumption. 

Ball Mill and Classifier Circuit: Table IV presents 
the Isabella grinding data on 1150 tpd with a 6x12 
cylindrical ball mill in closed circuit with a 6-ft rake 
classifier and on 1500 tpd with a 10%x9x9 tricone 
mill in closed circuit with a 10-ft hydroscillator. 
These data show that the present performance with 
the large, slow-speed, underloaded ball mill and 
hydroscillator is much better than with the small, 
high-speed, normally loaded ball mill and rake 
classifier. 

Since 1954, when the Isabella plant was enlarged, 
grinding practice has been the same at both the Lon- 
don and Isabella plants. Since the change was made 
at Isabella in one step it is easier to evaluate the 
economics of this circuit and to show the extent to 
which the present method of grinding Tennessee 
Copper Co.’s sulfide ores is more efficient than the 
old method with small ball mills and classifiers. 
There is a saving of 30 pct in ball cost and 40 pct in 
ball mill power over the estimate for two 6x12 
mills as shown in Table II, column 2. The work in- 
dex decreases from 11.29 to 6.80. These reductions 
are somewhat greater than at London, but certain 
advantages, learned from the London operations, 
were included in the Isabella circuit. Since the Isa- 
bella results were so close to the estimate they prove 
further that this grinding practice is sound. It is 
the writers’ belief that the rod mill, ball mill, and 
classifier are components of this efficient grinding 
circuit. The rod mill controls the size of its product 
at —8 mesh. Therefore the ball mill has no oversize 
material and it is possible to use 1l-in. grinding 
balls.° With the large slow-speed ball mill the ratio 
of the mill diameter to ball diameter is favorable 


Table III. Rod Mill Grinding 


2 3 
Item Actual Estimated Actual 
Tons per day 1150 1500 1500 
Horsepower 215 215 215 
Kilowatt hours per ton 3.35 2.57 2.57 
Feed size, F 15,000 15,000 14,500 
Product size, P 390 510 475 
Work index 7.89 7.10 6.82 


Size, 6x12 ft (inside liners, 5 ft 8 in.); speed, 24.0 rpm; percent 
critical, 74; rod size, 3 in.; rod load, 45 pet of mill volume. 
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Table lV. Ball Mill and Classifier Circuit 


Item z 
Tons per day 1150 1500 
Mill size, ft 6x12 104%2x9x9 
Average diameter inside liners, ft 5.58 9.0 
Revolutions per minute 24.0 WG? 
Percent critical 74.1 59.5 
Ball size eine 1 in. 
Ball load, tons 20.5 21.0 
Ball load, percent of volume 45.0 20.0 
Balls, pounds per ton of ore 0.77 0.66 
Horsepower 225 226 
Kilowatt-hours per ton of ore 3.50 2.70 
Classifier : 6-ft rake 10-ft hydroscillator 
Percent solids, mill classification 64.0 61.0 
38.0 38.0 
Product, +65 7.9 7.3 
—200 mesh 53.0 BE 
Feed size, F 390 
Product size, P 150 137 
Work index 11.29 6.80 


for the small ball charge. Also, the hydraulic classi- 
fier makes a very satisfactory separation. 

When the Isabella ball mill was designed, it was 
decided to make it a little more oversize than the 
London ball mill so that further grinding improve- 
ments might be realized from a still smaller ball 
charge. Thus is has been possible to grind the 1500 
tons with a ball load occupying only 20 pct of the 
mill volume instead of the 29 pct at the London mill. 
Also, the ratio of mill speed to critical speed was 
reduced further. These two factors—the larger mill 
with smaller ball charge and the slower speed— 
probably account for the more favorable power re- 
quirements. From the London data, it was esti- 
mated that 2.95 kw-hr per ton would be required 
for the ball mill. Actually only 2.70 kw-hr per ton 
are required. The shape of the mill was changed, 


tapering the entire length of the mill instead of 
tapering only in the cylindrical section. This change 
probably has no effect on the efficiency. Ball con- 
sumption has been slightly higher than the estimate, 
but this is within permissible limits of error. The 
big disappointment has been the life of the first set 
of liners. The wear pattern on these liners was not 
as expected and the cause of this is believed to be 
the different shape of the mill. It is expected that 
this liner life may be improved in future by a 
change in design. 
Conclusions 

A larger, slow-speed, under-loaded ball mill and 
hydraulic classifier are 40 pct more efficient than 
the small, high-speed, normally loaded ball mill and 
rake classifier. This corroborates earlier findings 
at the London plant. The rod mill in this grinding 
circuit is now 40 pct more efficient because of the 
higher feed rate. 

These results strengthen the belief that for a very 
efficient ball mill circuit to grind Tennessee Copper 
Co.’s heavy sulfide ores, the product from the rod 
mill should be all —8 mesh and 80 pct passing 500z, 
and the ball mill should be a large, slow-speed mill 
—with a small ball charge of 1-in. balls—in closed 
circuit with a hydraulic classifier. 
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Discussion 


Tennessee Copper Co.'s Isabella Mill, Copperhill, Tenn. 


(Mining Engineering, page 1253, November 1957, AIME Trans., v. 208.) 


by J. F. Myers 


Much has been written in the past about the non- 
cataracting ball mill as typified by the installations of 
the Tennessee Copper Co. at Copperhill and the three 
units of the Cleveland-Cliffs Iron Co. in its Humboldt 
and Republic mills. 

Because no direct comparisons are available from the 
Cleveland-Cliffs plants and because the published data 
of Tennessee Copper Co.’s London mill covered a peri- 
od of development over several years, it has been dif- 
ficult for engineers to grasp the full significance of the 
non-cataracting economics. 

Now, for the first time, F. M. Lewis and J. E. Good- 
man have presented a clear, clean-cut set of figures of 
the results obtained by conversion from a conventional 
ball mill to a non-cataracting type of operation, which 
irrefutably establishes the fact that the slow speed of 
the non-cataracting ball mill does not lose capacity. 
This has been the stumbling block in most engineers’ 
minds, as for many years it has been well known 
that when the ball charge is lowered or the speed 
slowed down on conventional mills the power and 
capacity drop likewise. 

The mill purchased by the authors is designated 
by the manufacturer as 10%x9x9 ft. By actual meas- 
urement, this mill has a mean diameter inside the 
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liners of 9.05 ft and is 9 ft long. In conventional terms 
this is a 9x9 cylindrical mill. 

The question therefore arises as to what size of con- 
ventional mill would be required to duplicate the re- 
sults reported by the authors in Table IV, column 2. 

The Bond formula offers a convenient method of 
evaluation. Proceeding by the Bond method as set 
forth in the bulletin How to Determine Crusher and 
Grinding Mill Size... Accurately we find in Table IV, 
column 2 that F=475 and P=—137. For our conventional 
mill size calculation, we obtain the value of Wi by mul- 
tiplying the Wi value of 11.29 of the conventional 
6x12 mill (Table IV, column 1) by 1.294/D°” to correct 
for the higher efficiency of the 9-ft mill. This turns out 
to be 10.55. From these data we find that W=4.17 kw- 
hr per ton. 

For 1500 tpd we thus find that a motor input of 349 
hp is required, and this according to the bulletin calls 
for a 9x8 mill. Within the permissible range of error 
in the formula and the recorded data, this may be con- 
sidered a dead check on the mill size selected by the 
authors. 

In most cases a conversion from the conventional to 
the non-cataracting type of operation involves reduc- 
tion in ball size. Obviously, a nice gain in capacity may 
be expected. 
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Typical Low Grade Iron Formations 


of Michigan 


Iron formations are classified according to their amen- 


ability to concentration. 


by Frank J. Tolonen, Nicholas H. Manderfield, and Paul Jasberg 


ARLY in the study of the low grade iron form- 

ations of Michigan, wide variations in their struc- 
ture and texture became evident. Because of these 
variations no simple method of concentration is pos- 
sible, and those portions of the formations that can 
be exploited profitably under a given stage of metal- 
lurgical progress and existing economic conditions 
must be searched for carefully. 

Both structure and texture of the formations have 
an important bearing on their amenability to bene- 
ficiation. By structure is meant the banding planes 
of easy fracture, the porosity, and the degree of 
leaching. Texture, which includes grain sizes, 
shapes, and degree of interlocking, determines the 
amount of grinding necessary to liberate the mineral 
grains. Structure determines the liberation of por- 
tions richer in one mineral. Structure and texture 
may be termed the gross features of the formation. 

Earliest surveys of the formations were conduct- 
ed to outline the parts that could be concentrated 
at % in. (3 mesh). Operators agreed on this size be- 
cause anything finer required sintering or other ag- 
glomeration processes. At 3 mesh only the struc- 
tural features, as defined above, would be liberated. 
With suitable ores concentration was easy, as any 
of the gravity methods could be used. Sink-and- 
float gave good results, but with this method only 
limited portions of the iron formations yielded a 
desirable product."* In general, the iron content 
could be raised to shipping grade, but the silica 
content remained too high—sometimes 20 pct—in- 
stead of 9 or 10 pct. 

Grinding did not greatly increase the liberation 
of silica until 200 mesh or finer was reached. To 
find the reason for this T. M. Broderick began mi- 
croscopic examinations of the formations in 1933. 

Procedure: The purpose of this discussion is to 
correlate the appearance of typical portions of the 
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iron formations with their amenability to concen- 
tration. As liberation is essential before separation 
becomes possible, much of the work is based on 
measuring the liberation achieved by crushing and 
grinding. Both heavy media and magnetic tube 
tests were used in this work. 

On the basis of general structural features such 
as banding, degree of alteration, and leaching, a 
specimen was selected from each part of the iron 
formations studied. The specimen represents the 
gross features of the formation and not necessarily 
the particular formation quantitatively. 

One half of the specimen was polished for macro- 
study, and the remainder was used for analyses to 
obtain the grades represented by variations appear- 
ing in the macrosection. Specimens for micro- 
scopic examination were also prepared for each 
variation in gross appearance. 

For correlation of microstructure with liberation, 
the previous work by sink-and-float methods was 
supplemented by magnetizing roasting followed by 
magnetic separation. The results show the libera- 
tion of silica to be very important at the sizes used, 
because any silica particle with iron minerals oc- 
cluded would be held in the concentrate. A magne- 
tizing roast changes the crushing and grinding char- 
acter of the sample. For partly leached soft samples 
the change is slight, but with harder types and 
those in which there is a considerable change in 
crystal structure of the minerals, the increase in 
liberation of the iron minerals may be 30 pct more 
than that of unroasted samples at the same crushed 
size, 

Gogebic Range Iron Formations: The Gogebic Iron 
Range is located in the extreme western and south- 
ern parts of Michigan’s Upper Peninsula, extending 
westward into Wisconsin. Samples for this study 
were obtained from the Ironwood formation, com- 
prising three chief members—the Plymouth, Norrie, 
and Anvil—with several intermediate slates and 
thick overlying slates. (The slates are not con- 
sidered in.this discussion because grinding finer than 
present practice is usually required to liberate the 
iron minerals.) The predominant iron mineral is 
hematite, about half of which is hydrated to goe- 
thite. Limonite occurs in some of the partly leached 
areas, and siderite in parts of the formation. 


TRANSACTIONS AIME 


Fig. 1 shows a macrosection typical of the Ply- 
mouth member of the Ironwood formation. The 
solid light areas in the photograph assay about 60 
pet Fe and 14 pct SiO». The areas of chert contain 
2 to 5 pet Fe. Transitions are gradual, so that areas 
of intermediate composition make up a large frac- 
tion of the total. 


The Plymouth member is not uniform. The first 
25 ft from the footwall and the last 50 ft to the 
hanging slate are considerably leaner than the cen- 
tral 100 ft and almost totally lacking in rich bands. 
Average composition of the member for about 12 
miles from the Wisconsin boundary eastward is es- 
timated to be about 13 pct rich bands containing 
60 pct Fe, 30 pct rich bands containing about 50 
pet Fe, 27 pct mixed bands with about 30 pct Fe, and 
about 30 pct chert bands with 3 to 5 pct Fe. 

Fig. 2 is a micrograph typical of the areas higher 
in iron content. This shows the intimate interlocking 
of the silica and the hematite and goethite crystals 
and indicates the problems in complete liberation of 
either constituent. The best that can be hoped for 
is to liberate the richer parts from the cherty por- 
tions. 

Magnetic tube tests on a roasted sample gave the 
results shown in Table I, which shows that at 48 
mesh grind the iron content would be satisfactory 
but the silica over 19 pet. At 100 mesh the best 


Table |. Plymouth Member of the Gogebic Range 


Iron 
Recovery, 

Mesh Product Wt, Pct Fe, Pct SiO», Pct Pct 

—10 Concentrate 62.60 48.00 32.42 95.70 
Tailings 37.40 3.60 

—48 Concentrate 51.10 56.20 19.32 92.16 
Tailings 48.90 5.00 

—100 Concentrate 50.29 60.70 12.20 94.02 
Tailings 49.71 3.90 

—200 Concentrate 44.69 61.50 11.80 89.72 
Tailings 55.31 5.70 

—325 Concentrate 48.48 62.73 9.70 94.35 
Tailings 3.41 
Head 32.46 52.30 


Table II. Norrie Member of the Gogebic Range 


Iron 
Recovery, 
Mesh Product Wt, Pct Fe, Pct SiO», Pct Pet 
—20 Concentrate 63.7 49.4 28.68 93.7 
Tailings 36.3 5.8 
—100 Concentrate 56.3 55.6 20.58 92.5 
Tailings 43.7 5.8 
—200 Concentrate 54.9 56.4 18.54 92.7 
Tailings 45.1 5.4 
—325 Concentrate 54.1 57.2 17.20 91.6 
Tailings 45.9 6.2 
Head 34.0 50.00 


Table III. Anvil Member of the Gogebic Range 


Iron 
Recovery, 

Mesh Product Wt, Pct Fe, Pct SiO», Pct Pet 

—10 Concentrate 85.85 36.53 47.62 98.62 
Tailings 14.15 3.10 

—48 Concentrate 69.43 42.65 37.92 98.86 
Tailings 30.57 4.18 

—100 Concentrate 56.95 49.58 29.00 90.83 
Tailings 43.05 6.61 

—200 Concentrate 50.65 53.95 23.00 88.02 
Tailings 49.35 7.53 

—325 Concentrate 50.60 59.30 15.64 94.30 
Tailings 49.40 3.61 
Head 31.8 53.70 


that could be hoped for would be 12 pct silica. Fur- 
ther grinding does not reduce silica appreciably. It 
is then a matter of finer grinding and poorer separa- 
tion against the cost of eliminating silica in the 
blast furnace. 

The Norrie member of the Ironwood formation 
has more uniform texture than the Plymouth, and 
although it is somewhat higher in iron, the possi- 
bilities of gravity concentration after crushing to 3 
mesh are considerably less. 

Fig. 3 shows a macrosection typical of the Norrie 
member. The portions containing 60 pct Fe are 
less than half as extensive as in the Plymouth. The 
50 pet Fe areas in the two are about the same, but 
the cherty areas in the Norrie member are consid- 
erably higher in iron. Table II lists results of mag- 
netic tube tests on samples after a magnetizing 


Table IV. Traders Formation of the Menominee Range 


Tron 
Recovery, 
Mesh Product Wt, Pct Fe, Pct Pct Pet 
—10 Concentrate 70.35 37.19 46.76 97.87 
Tailings 29.65 1.91 
—100 Concentrate 45.98 50.95 28.20 89.63 
Tailings 54.02 5.02 
—200 Concentrate 43.69 52071 25.44 89.21 
Tailings 56.31 5.42 
—325 Concentrate 40.81 55.12 22.78 85.74 
Tailings 59.19 6.32 
Head 25.90 61.92 


Table V. Crystal Falls Carbonate Formation of the 
Menominee Range 


Band* Fe, Pct SiOz, Pct P, Pet S, Pct Mn, Pct 
1 30.8 19.84 0.70 0.166 4 
2 12.8 69.58 0.18 1.04 0.96 
3 28.6 21.44 1.46 0.491 2.96 
4 25.8 40.82 0.24 1.34 2.12 
5 17.8 53.82 1.90 0.206 1.48 
Average 25.4 42.72 Ai 0.485 


* Refer to Fig. 6. 


Table VI. Crystal Falls Carbonate Formation of 
the Menominee Range 


Iron 
wt, Fe, SiO», s, Mn, Recovery, 
Mesh Product Pet Pct Pet Pet Pet Pet 


—20 Concentrate 56.96 40.5 29.30 0.50 3.90 84.99 


Tailings 43.04 9.46 

—65 Concentrate 38.4 47.29 18.66 0.749 4.62 66.71 
Tailings 61.6 14.70 

—100 Concentrate 34.6 49.34 15.66 0.633 5.06 62.84 
Tailings 65.4 15.42 

—200 Concentrate 32.1 53.4 9.90 0.834 5.08 60.30 
Tailings 67.9 16.6 
Head 28.39 47.75 


Table VII. Republic Area of the Marquette Range 


Iron 
Recovery, 
Mesh Product Wt, Pct Fe, Pct SiO»s, Pct Pet 
—10 Concentrate 82.49 51.95 26.3 99.12 
Tailings 17.51 2.18 
—48 Concentrate 71.92 56.80 16.66 98.18 
Tailings 28.08 2.79 
—65 Concentrate 68.05 59.80 15.40 97.46 
Tailings 31.95 3.34 
—100 Concentrate 62.90 65.26 8.40 96.34 
Tailings 37.10 4.20 
Head 43.40 35.9 
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Macrosections and Microsections of Specimens 


From Three Michigan Iron Ranges 


Structure and texture of these polished sections 
of samples of iron formations are correlated with 
the liberation achieved by crushing and grinding. 
This correlation may be used as a basis for select- 
ing portions of the iron formations for concentra- 
tion studies and also for estimating the amounts 
and the quality of ore that can be utilized. 


THE GOGEBIC IRON RANGE 


Fig. 1—Macrosection typical of Plymouth member of the Fig. 2—Micrograph of Plymouth member. White areas are 
Ironwood formation. geothite pseudomorphous after magnetite. Scale 100 mesh. 


Fig. 3—Norrie member. Fig. member fri 
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THE MENOMINEE IRON RANGE 


Fig. 5—Macrosection of sample from the Traders formation. Fig. 6—Crystal Falls carbonate formation. Numbers refer to 
text and Table V. 


THE MARQUETTE IRON RANGE 


Fig. 7—Republic area. Fig. 8—Republic area. 


Fig. 9—Sample from magnetic iron formation near Humboldt. Fig. 10—Micrograph of Humboldt magnetite (white). Scale 
100 mesh. 
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THE MARQUETTE RANGE (CONTINUED) 


Fig. 11—Macrosection of metamorphosed iron formation Fig. 12—Micrograph of richer bands of Negaunee formation. 
south of Negaunee. Note intimate interlocking of hematite (white) and silica. 
Scale 100 mesh. 


Fig. 13—Central area. Fig. 14—Cooper Lake district. 


Fig. 15—Micrograph of Cooper Lake district specimen. Fig. 16—Macrosection of formation at extreme western end 
Richer bands (white) assay about 55 pct Fe and 15 pet of Marquette Range. Even at 325 mesh the concentrate 
SiOz. Scale 100 mesh. would contain 20 pct SiO. or more. 
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roast. It will be noted that about 20 pct of the silica 
is finely dispersed with the iron minerals and that 
grinding to 325 mesh will not appreciably liberate 
the fine iron minerals. 

Fig. 4 shows a macrosection typical of the Anvil 
member of the Ironwood formation. Although the 
iron is higher on the average than in either the 
Plymouth or the Norrie, the 60 pct Fe areas are not 
extensive. The lighter area assays about 55 pct Fe 
and 17 pct SiO». The darker areas contain about 22 
pet Fe and 65 pct SiO». The cherty areas contain 7 
pet Fe and 88 pct SiO». Results of the magnetic 
tube test on samples subjected to a magnetizing 
roast are given in Table III. The micrographs for 
both the Norrie and Anvil (not shown) are similar 
to those for the Plymouth member shown in Fig. 2. 
Table III reveals that even after grinding to 325 
mesh a concentrate with only 10 pct silica cannot 
be obtained. The fine grained character of the min- 
erals is apparent in the micrograph of the textural- 
ly similar sample of the Plymouth member shown 
PA, 

Menominee Range Iron Formations: The Menom- 
inee Iron Range, about 75 miles east of the Gogebic, 
is in the southwestern part of Michigan’s Upper 
Peninsula except for a small central portion in Wis- 
consin. The iron formations of this range are more 
complex than those of the Gogebic. Some portions 
are somewhat similar to the Plymouth in structure, 
but folding and other geologic changes have altered 
the formations to such an extent that samples show 
wide differences. Sulfur and phosphorus offer ad- 
ditional problems in some locations. 

Fig. 5 shows a macrosection of a sample from the 
Traders formation. The richer portions assay about 
27 pet Fe and 60 pet SiO» The chert contains about 
7.4 pet Fe and 86 pct SiO». Table IV, which pre- 
sents the results of magnetic tube tests on samples 
after a magnetizing roast, reveals that after grind- 
ing to 325 mesh the iron is still not sufficiently 
liberated to make a concentrate with less than 10 
pct silica. 

Fig. 6 shows a macrosection from the Carbonate 
formation at Crystal Falls. The bands from left to 
right assay as shown in Table V.° Table VI shows 
the results of magnetic tube tests on samples after 
a magnetizing roast. In these samples the silica is 
freed by the change in ‘crystalline structure when 
iron carbonate is converted to magnetite by the re- 
duction roast. The texture is too fine for liberation 
by grinding alone, resulting in poor iron recovery. 

Marquette Range Iron Formations: This range is 
in the south central portion of the Upper Penin- 
sula. A variety of iron minerals has resulted from 
the metamorphic changes undergone by the 
formations early in their geologic history. There 
are areas of carbonates, earthy hematites, specular 
hematites, and magnetites. Only a few examples 
are presented here. 

Figs. 7 and 8 show macrosections from the Re- 
public area. The iron, which is present as specu- 
larite in the rich bands, varies from 63 down to 45 
pet. Amounts of silica vary from less than 10 pct 
to as high as 30 pct. The chert bands contain 5 to 
20 pct Fe. In Table VII, showing results of magnetic 
tube tests on roasted samples from the leaner por- 
tions of the Republic area, it will be noted that a 
satisfactory silica separation can be achieved at 100 
mesh. For some samples from this area a grind of 
48 mesh was sufficient. 

Fig. 9 shows a macrosection of the magnetic iron 
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formation near Humboldt. There is little difference 
in the composition of the larger structural units, but 
as can be seen from Fig. 10, the grain size is fairly 
large. Liberation is possible at 100 mesh or even 
coarser sizes. 

Fig. 11 shows a macrosection of metamorphosed 
iron formation south of Negaunee. The rich bands 
contain 58 pct Fe and 15 pct SiOz and the red chert 
contains 13 pct Fe and 78 pct SiO» Fig. 12 is a 
micrograph of the rich bands. The extremely fine 
grained and intimate intermixing of the hematite 
and silica will not permit rejection of silica below 12 
pet even at 325 mesh. 

In Fig. 13, showing a macrosection typical of the 
Central area, the iron minerals are fairly large and 
clustered. Fig. 14 shows a macrosection of another 
sample of this same type. The richer parts are fair- 
ly free of silica so that a 150 mesh grind will pro- 
duce a satisfactory concentrate. The micrograph in 
Fig. 15 is representative of the leaner bands. Here 
the clustered areas can be liberated somewhat from 
the chert on fine grinding, but the total gain would 
be small. 

Fig. 16 shows a macrosection of the iron forma- 
tion at the extreme western end of the Marquette 
Range. The iron-rich bands are thin and the grains 
small, so that even at 325 mesh the concentrate 
would contain 20 pet SiOz or more. 


Conclusions 

This study does not attempt to present all the 
types of iron formations occurring in Michigan. 

The macrosections show the gross features. Dis- 
crete banding and other larger sized units, whether 
ore or gangue, will be liberated at fairly coarse 
crushing sizes. If any appreciable amount of the 
liberated particles is pure enough to constitute an 
acceptable concentrate, separation at this size will 
be warranted. 

Part of the ore will require fine grinding, as shown 
by the micrographs. Grain size is a close measure 
of the liberation size in ores containing specularite 
and in ores given a reduction roast. This may not 
be true of ores with intimate interlacing of minerals. 

This study points to the possibility of classifying 
formations according to amenability to concentra- 
tion. Such a classification would be of value in the 
investigation and development of Michigan iron 
formations. Research studies guided in this manner 
can emphasize iron formations that have economic 
possibilities by known mineral dressing processes. 

Some of the formations studied will not yield a 
concentrate with less than 10 pet SiO». Concentrates 
with 12 pct SiOz or more might be usable without 
significantly increasing the cost of steel. 
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Foundations for Mill Construction 


on Clay 


and Permafrost 


by E. H. Bronson 


ROPERTY of Malartic Gold Fields Ltd. is situa- 

ated in the great clay belt in the northern part 
of the Province of Quebec. This belt represents the 
floor of the glacial lake Barlow-Ojibway. The clay 
blanket has a gently rolling, almost flat surface, with 
here and there projecting knobs and ridges that 
outline the large irregularities of the surface on 
which the clay was deposited. At irregular inter- 
vals glacial eskers dominate the landscape. The 
ore-bearing country rock is covered by strata of 
clay, sand, and silt to a depth varying to 40 ft. There 
are serious structural problems when it is necessary 
to place loads of unequal intensities on this surface 
to support buildings and machinery for a modern 
mining plant. 

Earlier mining companies and their engineers 
paid little attention to the science of soil mechanics, 
partly because they believed it unnecessary and 
partly because they knew little of the subject. The 
results are evident in some of the tottering struc- 
tures in older camps. Careful analysis of soil prob- 
lems is well worth-while, since cost of foundations 
may vary from 20 to 50 pct of the final cost of a 
structure. Low operating and maintenance costs can 
be achieved only in this way. 

If it is definitely established that a plant will be 
in operation for only a few months, this limited 
time factor will probably influence the design of 
the foundation, and rightly so. If sensitive and 
complicated equipment is to be mounted on these 
foundations and the plant is to operate for several 
years, there should be a thorough study of founda- 
tions and a very careful design. A familiar problem 
is presented by the difficulty of operating a perma- 
nent plant originally designed for a few months’ 
work. The engineer must beware of these hazards 
and disassociate himself from them if he cannot pre- 
vail on the promoter to spend the proper amount 
for a thorough foundation study. Laws of certain 
provinces and states hold the engineer equally 
responsible with the contractor for any damage that 
may be caused to building through inadequate 
study—ignorance of the facts is no excuse in the 
eyes of the law. 

Types of Soil: The engineer should be familiar 
with such terms as silt, clay, peat, and varved clay, 
as well as permafrost, especially if he is to work in 
the far northern reaches of the country. He should 
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Fig. 1—The number and spacing of auger holes will de- 
pend on the size of the site, the relative importance and 
weight of machinery to be installed, and subsequent in- 
formation obtained as these boreholes are being sunk. 


also be familiar with soil attributes such as porosity, 
texture, consistency, permeability, compressibility, 
consolidation, and shearing resistance. 

The design of any foundation requires an accurate 
knowledge of the physical properties and location 
of the soils involved. Older textbooks on the subject 
outline various empirical methods to determine the 
carrying power of soil. Tables are given in refer- 
ence books. The modern engineer should be wary of 
these modes of thinking. He should analyze his 
problem carefully, calculate to what depth of soil 
the loads may be transmitted, and then check the 
bearing value of all soils to that or greater depths. 
If the strata are water-carrying, he must determine 
the possibility of this water being accidentally re- 
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moved, and what the effect would be on the bearing 
value. 

The first approach to soil study is a knowledge 
of the structural and historical geology of the area. 
The Geological Survey of the various states and pro- 
vinces should be consulted. A study of the forma- 
tion of the soils is very valuable. Groud water depths 
also are frequently available either from geological 
surveys or data on local wells. 

Testing by Auger: Assuming that the proposed 
building site is above water, the simplest way to 
determine the subsurface structure is to bore a 
series of holes with a hand auger. These can be 
taken to 30-ft depth without difficulty. Neighboring 
mines may have brought stopes or raises to the sur- 
face or excavated deep trenches. These exposures 
should be carefully studied to note whether or not 
subsidence has occurred, and why. 

The number and spacing of auger holes will de- 
pend on the size of the site, the relative importance 
and weight of the machinery to be installed, and 
subsequent information obtained as these boreholes 
are being sunk. It is possible for the intelligent ob- 
server to determine during the drilling the types of 
soil that are being exposed. By obtaining the actual 
moisture content of samples, he can determine the 
relative variation of natural water content from 
one drillhole to the next. After this information is 
plotted on graph paper, it is possible to obtain a 
picture of underground conditions by superimpos- 
ing one graph upon another. (See Fig. 1.) 

There is considerable variation in the moisture 
contents at which different clays pass from liquid 
to plastic and then to solid state. Moisture content 
at these transition points can be used for identifica- 
tion of the type of clay in the sample. Knowledge 
of the type of clay gives a better understanding of 
its peculiarities for supporting foundation loads. 
The method commonly used to determine the 
limits of consistency is known as the Atterberg 
method, and the limits themselves are termed the 
Atterberg limits. 

So it is that the natural moisture content is of 
interest and some use, but fully significant only 
when compared with the moisture content at which 
the soil in question changes from plastic to liquid. 
This point is called the lower liquid limit. A cor- 
responding consistency: limit is the moisture con- 
tent at which the soil goes from a plastic state into 
a semi-solid. This is called the lower plastic limit. 
The difference between the two, called the 
plasticity index, is a useful guide to soil properties 
in general. For example, true clays have a relatively 
high value for the plasticity index, whereas the 
highest value obtained for the samples from the 
particular property at which this work was being 
done was 24 pct. This was a further indication that 
the material was really a silt, or rock flour. 

Laboratory Testing of Soil Samples: At the pro- 
perty of Malartic Gold Fields Ltd. 15 samples were 
tested for these consistency limits. Results are sum- 
marized in Fig. 2. With geologically similar soils, the 
points obtained should lie in a straight line. In all 
eases the lower liquid limit is close to the natural 
moisture content, and in some cases below this 
value. 

The soil property most important to foundations 
design is shear strength. Two special undisturbed 
samples of the silt from the building sites were ob- 
tained in zinc dust cans by carefully cutting round 
the soil as the cans were sunk over the sample sites. 
The cans were coated with liquid paraffin before 
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Fig. 2—Summary of Atterberg test results, Malartic Gold 
Fields Ltd. 
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Fig. 3—Experimental results of shear tests on first sample 
(from shaft area). 


being shipped to the testing laboratory. On their 
arrival, the specimens were placed in the shear 
machine for test under different normal loads. To 
simulate actual conditions under the structures that 
are to be erected, each specimen was left under the 
normal load applied until no further consolidation 
of the specimen took place. This consolidation is 
equivalent to the settlement that takes place under 
a loaded structure founded on clay. Experimental 
results are shown in Fig. 3. These give maximum 
values for the shear resistance under each normal 
load and are, in turn, summarized in Fig. 4, which 
also shows the angle of internal friction. From these 
the safe bearing of the soil can be determined. No 
attempt has been made to take the highest possible 
interpretation of test results, but only to obtain a 
figure that can be used with confidence. 

The moisture content of the various samples was 
taken before and after loading. The chart, Fig. 4, 
reveals that there is no appreciable change in 
moisture content during the loading. This is con- 
trary to most findings, wherein the difference in 
moisture content would vary with the normal load. 
The practical significance of this information is that 
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Table |. Moisture Content of Samples from Malartic 
Gold Fields Ltd. 
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with careful engineering there should be no settle- 
ment under the building loads. The explanation of 
the unusual result is that the silt was subjected in 
glacial times to the pressure of superincumbent ice. 
This consolidated to such an extent that the loads 
now indicated are smaller than those to which it was 
previously subjected. 

Foundations in General: Following research, it 
was decided that suitable foundations on spread 
mats could be developed for the various structures 
and machines that would be normally included in 
the surface and mill installation. Details of the nec- 
essary calculations need not be given here, but in 
summary it may be recorded that the bearing strength 
of the clay was calculated according to Prandtl’s 
modified formula. 

Calculations for the ultimate bearing capacity of 
the silt are as follows: 

| x 


| tan: (45°) eztanéd—1 | 


Where: 
q = ultimate bearing value, psf 
2b = width of footing (assume 4 ft) 
y = density of soil (assume 90 lb per cu ft) 
c = cohesion (assume 200 psf) 


= c cot + yb tan (45° 


# = angle of internal friction (assume 220 psf) 


Hences pst. 


Using a safety factor of 4 obtained an allowable 
bearing pressure of 3000 lb per sq ft. This was a 
maximum figure; the average figure being used was 
2500 lb per sq ft. 

It was further recommended that this loading be 
kept as nearly uniform as possible. It was also es- 
sential for stability that the center of gravity of the 
load coincide with the center of pressure from the 
foundation or footing. This especially applied to 
foundations for ball mills and their motors. All 
footings were kept as close to the natural ground 
surface as possible to take advantage of the maxi- 
mum strength of the silt underlying the foundations. 
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Fig. 4—Summary of shear test results. 
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As a matter of interest, certain other precautions 
were taken: 

1) After the muskeg had been removed from the 
building site, the uncovered silt was protected with 
a few inches of sand to prevent its drying. 

2) Because of the instability of the silt, it was 
stressed that no excavation should be left open dur- 
ing the construction program. If confined, silt will 
behave normally, but if seriously disturbed it will 
run like a thick liquid. Deep trenches must not be 
left unsupported no matter how stable they appear 
to be. Exposed faces of the silt should be covered 
with tarpaulins to prevent their drying, or eroding 
during a heavy rain. ; 

3) Under no circumstances must the underlying 
sand be allowed to move. Shafts and raises must be 
carefully driven so that neither the sand nor its con- 
tained moisture will be disturbed. 

Severe loads such as those for the fine ore bins 
and head frames must be carried either on concrete 
caissons or piling. 

The first possibility considered was to sink a cais- 
son to bedrock, later filling it with concrete. Doing 
this through the quicksand and water would be ex- 
tremely expensive, and getting rid of this water by 
pumping would disturb the soil. Otherwise, it would 
be necessary for the men to work under compressed 
air, which is also expensive. 

The next alternative was to drive end-bearing 
piles, but there was no local timber of sufficient 
strength and quality. It would have been simple 
enough to use steel piles, but at the time of construc- 
tion they were extremely difficult to obtain. Pre- 
cast concrete piles would have necessitated accurate 
borings to the rock at the site of each pile to deter- 
mine the exact depth. So it was decided to use 
cast-in-place piles, made by an outside contractor 
who specialized in this type of work. A contract 
was awarded to the Raymond Concrete Pile Co. of 
Montreal. 

Since all the piles acted as end-bearing piles, in 
other words, as columns supported at their lower 
ends on bed rock, the driving records were not as 
important as if they had been friction-bearing piles. 
Some records are plotted in Figs. 5 and 6. It will be 
seen that for three of the piles resistance increased 
noticeably with depths, as would be expected. But 
in the case of the fourth pile the increase is not near- 
ly as marked. A recent borehole to check this pile 
showed that the ground in that vicinity was unusu- 
ally wet, the moisture content being over 40 pct. 
It is believed that the large quantity of water made 
it easy for the driving operation to puddle the soil. 
This did not invalidate the pile as a bearing unit, 
but it did indicate the need for caution in using the 
natural ground in that vicinity for carrying bearing 
loads direct. 

Subsequent construction work was satisfactory, 
and the plant has been in operation about ten years 
without difficulties caused by settling foundations. 

Soil Exploration by Sampling Spoon: A different 
type of problem was presented at Bevcourt, several 
miles east of Malartic, when it was necessary to de- 
termine the bearing value of soil overlain by a shal- 
low swamp. Hand auger holes were not possible, 
as water poured into any opening so produced. 

Engineers had recourse to a sampling spoon, a 
hollow steel tube mounted on the end of drill rods. 
This is forced or driven through a casing into the 
soil. Rods and mechanism are supported on a tri- 
pod. 
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Fig. 5—Driving records for Raymond step tapered piles. 


Relative cohesion of the soil is determined by the 
standard penetration test. A sampling spoon is 
driven 6 in. into the soil to be tested. A standard 
weight of 140 lb falling a distance of 30 in. is used 
to drive it 12 in. further. The relative number of 
blows required to force this weight through this dis- 
tance gives an index of the cohesion, and hence the 
bearing power of the soil. 

Soil samples are obtained by another type of sam- 
pling spoon, a steel pipe about 1% in. diam and 1 or 
2 ft long, split lengthwise. The two halves are held 
together at the ends by short pieces of threaded pipe. 
One coupling fastens the spoon to the rods; the other 
acts as a cutting edge. 

The usual practice is to force the split spoon into 
the soil under pressure. The sample so recovered 
is examined by the drill foreman and recorded, and 
a portion is retained in a screw top jar for further 
laboratory study. 

If samples are required for laboratory shear tests, 
the split spoon is equipped with a thin-walled cylin- 
drical liner. The entire liner, with its contents, is 
removed from the spoon and shipped intact to the 
testing laboratory after the ends have been sealed 
with paraffin. It is essential, especially in clay 
soils, that the sample be undisturbed; therefore the 
sample spoon must be pushed into the soil with a 
hydraulic jack, not driven. 

In certain types of soil there may be complications. 
Sand presents problems requiring a special spoon. 
An experienced contractor should be equipped for 
all types of soils normally encountered in the dis- 
trict in which he is working. 

When soil borings were taken at the Bevcourt 
job they showed that in spite of the forbidding sur- 
face, there was good foundation soil under the entire 
area. The swamp was drained with comparatively 
shallow, wide ditches and the overburden of mus- 
keg removed with a bulldozer. Heavy foundations 
were carried on footings sunk to the coarse sand. 
The fine silt inside the walls was stabilized with 
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waste rock and compacted with construction trucks. 
Finally, reinforced concrete mats and floors were 
placed for the lighter loads. No detrimental set- 
tling has occurred. 

If the base of a foundation is located below the 
water table, it is advisable to transform at least one 
drillhole into an observation well to check the move- 
ment of the water table during construction. If 
concrete is to be placed below the water table, water 
samples should be taken from several drillholes to 
determine the possible presence of detrimental 
chemical constituents in sufficient quantity to at- 
tack the concrete. 


Vibration: When machinery with regularly re- 
ciprocating parts is based on clay, even though the 
foundations may be of massive construction, there 
may be a resonant vibration of serious proportions. 
This is especially true with crushing plants and air 
compressors. This vibration must be taken into 
consideration when building material is chosen. Con- 
crete block walls, for example, will not be satis- 
factory under these conditions. 

Several methods have been suggested for damp- 
ening vibration. A cone crusher may be mounted 
on rubber pads with the hold-down bolts left mod- 
erately loose. Jaw crushers of certain sizes may be 
mounted on timber. Both rubber and timber absorb 
some of the vibration between the machine and the 
concrete foundation on which it is mounted. 

A further method is to dampen the vibrations by 
breaking the resonance. When three air compres- 
sors, all of different speeds, were mounted on one 
concrete mat each wave of vibration was overcome 
by those from its neighbor, and therefore the total 
effect was very limited. Care must be taken that 
each vibration does not increase from the other and 
thus accentuate rather than diminish the effect. 

Another instance of diminishing vibration is the 
use of crushers of different speeds. One jaw crusher 
is mounted on a concrete mat that was floated on 
clay. The original vibration was extremely heavy, 
but when the secondary crusher having an entirely 
different speed was placed in operation overall vi- 
bration was eliminated. 

Permafrost: As activity in the mining industry 
trends steadily northward, a new type of foundation 
problem is encountered, a condition known as per- 
mafrost. 

One half the area of Canada, half the USSR, and 
much of Alaska—approximately one fifth of the 
land area of the world—is constantly frozen near 
the surface. This includes all of the North West 
Territories of Canada, part of northern Ontario, and 
a large section of the Province of Quebec. Some of 
this vast area consists of exposures of solid rock, 
the properties of which are not significantly changed 
by freezing. But when water-bearing soils of var- 
ious consistencies form the surface of the ground, 
their characteristics can be markedly affected by 
changes of temperature above or below freezing. 

The presence of permafrost in northern Canada 
was noted by Alexander Mackenzie during his ex- 
plorations in the Arctic in 1789. Underground 
mining by Eldorado in 1932 at Great Slave Lake 
encountered frozen rock at depth. But it was not un- 
til the last few years, with the building of the Alas- 
ka highway and various airports, that the subject 
became of outside interest. Conventional construc- 
tion methods for roads and buildings, especially 
buildings with warm basements, resulted in a sad 
story. It has been necessary to develop a new ap- 
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Fig. 6—Driving records for Raymond step tapered piles. 


proach as the basic characteristics of permafrost 
become better known. 

Research work has been started by the U. S. Army 
Corps of Engineers, various research bureaus in the 
USSR, and the Division of Building Research of the 
National Research Council in Ottawa, Canada. This 
last group has provided much of the information 
that follows. 

The ground in permafrost areas consists of an up- 
per or active layer that freezes and thaws season- 
ally, and a permafrost zone that remains contin- 
uously frozen. 

Depth of the active layer depends on vegetation 
cover, type of soil, water content, topography, and 
climate. In areas undisturbed by construction, a 
thermal equilibrium is established. The insulating 
power of the vegetation cover and the active layer 
preserves the permanently frozen ground. This 
equilibrium is very sensitive to changes, and any 
alteration causes corresponding variation in the 
depth of the active layer. For example, the moss 
covering the surface acts as a natural insulation to 
preserve the ground underneath in a frozen condi- 
tion. Butif the moss is removed, warm rays of the 
summer sun change this hard frozen ground to a 
fluid material having practically no bearing value. 
This occurred many times during construction of the 
Alaska highway. 

Depth of permafrost varies considerably over the 
northern regions. On the shore of the Arctic Ocean 
it may be 1000 ft thick; at Hay River, near the north- 
ern border of Saskatchewan, it is about 5 ft. No 
definite unbroken line of demarcation can be es- 
tablished between completely frozen ground and 
completely thawed ground. Small isolated areas 
of permafrost occur south of the zone normally con- 
sidered to be clear, owing to the high insulating 
value of exceedingly thick surface peat deposits in 
some districts. It is also possible to find areas of 
unfrozen ground in what is considered a permafrost 
area. This may be due to the presence of gravel, 
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which does not freeze as readily as clays or silts 
with high moisture content. 

There are two simple, practical field methods for 
determining the depth of the active layer—rodding 
and auger boring. The rodding method consists in 
driving %4-in. or %-in. sharpened steel rod with a 
sledge hammer through the active layer until it 
meets refusal. The rod is then turned with a wrench. 
If it turns freely, it has probably been stopped by a 
rock, but if the rod has a back-spring, it may be that 
the tip has penetrated the permafrost a very short 
distance. Also, the ringing sound given off by the 
rod when it is dropped onto the rock is quite dif- 
ferent from the drill clunk when the rod hits per- 
mafrost. This method is not effective where there 
are scattered boulders or where the active layer is 
very thick. 

For investigation of the permanently frozen soils 
a modified form of diamond drilling has been devel- 
oped. A carballoy instead of the commercial dia- 
mond was used in frozen silt and fine sand. Close 
control of the wash water is essential. Too large a 
volume of water washes away the core, whereas too 
small a quantity will not carry the drill cuttings. 
Speed is naturally important in examination of core 
and embedded ice crystals. 

The unstable properties of frozen soil have two 
manifestations—the detrimental action of frost and 
the loss of strength in permafrost when it is thawed 
by construction methods. These two destructive 
forces can occur individually or together. Both ac- 
tions must be considered in foundation design. 

During the frozen period the action of frost lifts 
piles or surface foundations, which settle during the 
melting period. In sandy soils this movement may 
be small. A very destructive force may be encoun- 
tered in clays or silts; the high may cause volume 
changes from 40 to 200 pct. 

Loss of strength in permafrost, when it consists 
of frozen silt or clay, is of serious concern. If test- 
ing has determined that this permafrost is an island 
of limited area, it should be removed by stripping 
the overburden and exposing it to the warm rays 
of the sun, melting with high pressure steam, or 
blasting and scraping. 

If the permafrost is continuous over a large area, 
a temporary building or a structure for light loads 
can be floated on the stabilized soil. The natural 
surface covering of the soil must not be disturbed, 
but rather augmented by several feet of sand or 
other insulation to protect the soil from destructive 
warmth from the building. Timber pads or mud 
sills on this augmented insulation will carry the 
structure. Even frame dwellings can be successfully 
maintained in this manner, especially where no 
basement is attempted and the floors are heavily in- 
sulated with sand or moss underneath. 

Permanent buildings or those containing heavy 
concentrated loads require the transfer of these 
loads to the solid underlying permafrost by end- 
bearing piles or concrete foundations. Posts are 
useless because of frost heaving. Wood piles are 
generally used because they are locally available 
and because wood is a poor conductor of heat. A 
high-pressure steam jet is pushed into the frozen 
ground, settling downward as the soil thaws. As 
soon as it reaches the desired depth it is withdrawn 
and replaced by a wooden pile, which is held in 
place until the refreezing soil grips it. Satisfactory 
depth is usually considered to be completely through 
the active area and half that depth again in the 
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permafrost. Usually the pile has an enlarged sec- 
tion on the bottom end. This is held rigidly in the 
refrozen permafrost and prevents any subsequent 
heaving through recurring seasonal frost action in 
the active area. 

To summarize, soil investigation of any area in 
the permafrost zone must be done thoroughly prior 
to foundation design. By moving the proposed site 
of a building a few hundred yards, it may be possi- 
ble to overcome many difficulties due to unequal 
settlement. It is essential that the building be car- 
ried on soils of equal bearing value, as free as pos- 
sible from surface or underground ice conditions. 

In the North, because of the very short summer 
and limited transportation facilities, a careful sched- 
ule is essential to obtain the desired results at rea- 
sonable cost. Preliminary reconnaissance should be 
finished by the autumn preceding proposed construc- 
tion. Bulky material may be brought by tractor 
train over a winter road, although depending on 
location, barge transportation in summer is usually 
cheaper. Often foundation material can be shipped 
the previous fall, so that some construction can be- 
gin before the spring break-up. Design and mate- 
rial orders should be completed in the early winter 
to be ready for spring shipment. Careful timing is 
necessary to avoid construction delays due to short- 


ages. All exterior work should be finished during 
the summer season, and interior work left for com- 
pletion during late fall and winter. Outside con- 
struction in the North country in winter—with the 
temperature 40° to 50° below zero, a strong wind, 
and only a few hours of daylight—should be avoided 
except in extreme emergency. 

The scope of this article is limited to two main 
types of soil—silts and permafrost. It is not to be 
assumed that these are the only types that will be 
encountered in construction of mine buildings. It is 
hoped that the methods outlined will help to solve 
other types of problems as they may arise. 
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Technical Note 


Absorption Spectra of Some Sulphydryl Compounds 


by Iwao Iwasaki and Strathmore R. B. Cooke 


ECENTLY spectrophotometry has been reported 

to provide a convenient technique for the rapid 
and reproducible determination of xanthate concen- 
tration in pulp solutions,”* and for a kinetic study 
of xanthate decomposition in acid solutions.’ Since 
the application of this analytical technique is feasi- 
ble for those compounds showing pronounced light 
absorption maxima in the near ultraviolet region, it 
was deemed advisable to investigate the absorption 
spectra of some of the organic compounds that are 
used in flotation. 

It is known empirically that certain groups of 
atoms in an organic compound cause characteristic 
light absorption in the ultraviolet and near ultra- 
violet range, and the wavelengths and intensities of 
the corresponding absorption maxima are relatively 
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independent of the nature of the remainder of the 
compound. The characteristic values of such groups, 
which are known as chromophores, are given in the 
literature.*° According to this information, many of 
the sulphydryl compounds are expected to show 
absorption maxima in the near or long wavelength 
ultraviolet region, whereas the saturated fatty acids 
and the saturated alkylamines do not. 

This article reports the absorption spectra of the 
six following types of sulphydryl compounds; mono-, 
di-(xanthate), and trithiocarbonates, dithiocarba- 
mate, dithiophosphate (aerofloat), and mercaptan. 
A Beckman DU quartz spectrophotometer was used 
to investigate the spectra in the wavelength region 
of 215 to 350muz. 

Materials: All the mono-, di-, and trithiocarbon- 
ates used in this investigation were prepared in the 
usual manner® from appropriate compounds obtained 
from Eastman Distillation Product Industries. The 
dithiocarbonates included the normal alkyl com- 
pounds from methyl to octyl inclusive, as well as 
the isopropyl, isobutyl, and isoamy] xanthates. Iodo- 
metric titration gave 99.7 and 99.5 pct purity for 
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the ethyl and amyl xanthates respectively. The pur- 
ified products were stored in vacuum in a refrigera- 
tor. Sodium diethyldithiocarbamate and propyl mer- 
captan, obtained from Eastman Distillation Product 
Industries, were used without further purifica- 
tion. Sodium diethyl dithiophosphate with a re- 
ported purity of 99* pet was supplied by American 
Cyanamid Co. Demineralized water containing less 
than 0.1 ppm of salts as NaCl equivalent was used 
as the solvent throughout. 

Experimental: The absorption spectra of the 
aqueous solutions of the above mentioned sulphy- 
dryl compounds, excepting mercaptan, are shown 
in Fig. 1, and data on the absorption maxima are 
summarized in Table I. In the wavelength range 
of 215 to 350mp no absorption peak was observed 
for the mercaptan. 

For the comparison of the relative intensities of 
the absorption maxima, the spectra have been nor- 
malized with respect to their optical densities* by 


*The terms optical density and molar extinction coefficient are 
equivalent to absorbance and molar absorbancy index as defined by 
Mellon.’ 


employing their molar extinction coefficients, «, de- 
fined as follows: 


d 
cl 


in which d is the optical density, c is the concen- 
tration in mols per liter and I is the length of the 
light path of the absorption cell in centimeters. 

For the dithiocarbonates, irrespective of chain 
length, two absorption maxima were observed, one 
at 30lmp, the other at approximately 226my. These 
absorption peaks would correspond to the reported 
values of the chromophores C=S at 330mpz* and 
S—H at 227muz.° The molar extinction coefficient of 
the 301mp peak remained constant at 17,500 for all 
the xanthates tested, whereas the 226myz peak 
showed a gradual increase in wavelength from 225 
to 227mpu and in the extinction coefficient from 
8500 to 9500 as the number of carbons in the hydro- 
carbon chain increased from 1 to 8. 


Table |. Absorption Maxima of Some Sulphydryl 
Compounds in the 215 to 350-m, Wavelength 


e (Molar 
Absorp- Slit Extinction 
tion Width, Coeffi- 
Compounds n Peak, my Mm cient) 
Monothiocarbonate 
CnHen1OCOSK 3 222 0.440 12,400 
Dithiocarbonate 1~8 301 0.360 17,500 
CnHen.1O0CSSK iso-, 3, 4,5 226 0.560 8,500-9,500 
(xanthate) 
Trithiocarbonate ~333 0.340 >16,700 
3 ~303 0.360 >13,600 
~235 0.510 >5,200 
Dithiocarbamate 
(CpHeny1)2NCSSNa 2 282.5 0.390 10,500 
257.5 0.420 10,700 
Dithiophosphate 
(CnHen410)2PSSNa 2 227 0.560 3,700 
(aerofloat) 
Mercaptan 
3 No peak — 


Since an absorption peak characterizes a certain 
chromophore in a compound, an unstable reading 
of the optical density at that absorption maximum 
would indicate a change in the molecular structure 
by decomposition or by transformation. The thio- 
carbonates and the thiocarbamate were found to be 
unstable in acid solution, but all except the trithio- 
carbonate could be made stable by addition of excess 
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Fig. 1—Absorption spectra of some sulphydryl compounds. 


alkali. The trithiocarbonate was not stabilized by 
adjusting the pH through the range of 3 to 12; hence 
the approximate shape of the absorption curve was 
determined at pH 11.5 and O°C, under which con- 
ditions decomposition seemed slowest. Thus the 
molar extinction coefficients for the trithiocarbonate 
are expected to be greater than the values reported 
in Table I. 

The thiophosphate, unlike the other thiocompounds 
investigated, was stable over a wide pH range; in fact, 
no appreciable decomposition was noted even as low 
as pH 1.5, thus confirming the observation made by 
Rietz,’ using the potentiometric titration method, 
that aerofloat is stable in acid solutions. This is in 
contrast with the case of the xanthates, where de- 
composition occurs very rapidly in acid solutions. 
For xanthates the spectrophotometric method has 
been shown to have an advantage over other meth- 
ods in the study of the decomposition rate.® 
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Continuous Miner 


Offers Higher Production 


. . . but experience with the boring-type unit 


shows that mistakes can be costly. 


by Stephen Krickovic 


HERE is today no proven continuous mining ma- 

chine that can be used under all the varying 
conditions found in most bituminous coal mines. 
During the last five years, however, both the ma- 
chines and methods of using them have been im- 
proved. Coal operators can now exercise a fair de- 
gree of selectivity, except those who must struggle 
with thick and hard partings and operate in seams 
less than 40 in. thick. 

It must be realized, then, that more than one type 
of continuous miner may be used advantageously in 
the same coal mine. Although this appears to violate 
the standardization generally sought after, the gain 
can more than offset added maintenance and, to a 
lesser degree, operating problems. 

It is equally important to realize that most coal 
mines will require one or more conventional loader 
setups in the plan of total mechanization. Seam vari- 
ations, adverse physical conditions, and special de- 
signs of main headings for haulage and ventilation, 
to name only three reasons, may render 100 pct 
use of continuous miners uneconomical. Of course, 
this situation may change. 

In one mine, prior to 1954, machines that ripped 
coal from the face achieved only average results, as 
compared to the impressive performance of boring- 
type units in another coal mine. A boring-type unit 
was therefore selected for the first mine in the be- 
lief that the chance of success would be greater if 
it were used in a combined cutting and wedging 
operation, cutting a full face in its forward move- 
ment. 

The miner was located in a part of the mine 
where a special projection could be readily devel- 
oped, a solid area scheduled for mining according 
to the overall progress plan. All openings surround- 
ing the particular area were carefully investigated 
for the presence of sulfur balls. Fig. 1 (opposite) 
shows the representative seam section, containing 
the several pyritic bands 1/4 to 1/2 in. thick; a char- 
acteristic Pittsburgh seam parting averaging 5 to 
6 in. of slate, coal, and slate; and the occasional py- 
rite lenses 2 to 3 in. thick. Under normal conven- 
tional mining methods, the top 10 or 12 in. and the 
bottom 4 in. are left in place to offer roof protection 


5. KRICKOVIC, Member AIME, is Chief Engineer, Eastern Gas and 
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Fig. 2 (above) and Fig. 3 (opposite page) show boring-type miner with two 7-ft diam rotors in extended position. The machine 
cuts two circular areas simultaneously and within each area the bits cut three concentric rings. The concentric cores between 
the bits are broken down by the wedging action of the center burster and the wedge shape of the bit holders. 


and to prevent contamination of the slack. Both 
segments, morever, are much higher in ash and sul- 
fur than the remainder of the seam. 

The miner cuts the coal with two 7-ft diam rotors 
turning in opposite directions in overlapping circles. 
Each rotor is equipped with three arms and each 
arm with three bit holders. Thus three annular 
rings, or kerfs, 244 in. wide are cut and three con- 
centric cores formed. These cores are broken down 
by the wedging action of the center burster, clearly 
shown in Fig. 2, and by the wedge shape on the 
outside of all bit holders, except the end ones. The 
coal is brought onto the conveyor by the sweeping 
action of the arms, each mounting a shovel-acting 
plate, and by the bulldozing action of the machine. 

The essential parts of the boring unit are as 

follows: 
1) Two rotors, described above. As shown in Fig. 3, 
maximum height of the cut is 7 ft, maximum width 
13 ft 2 in. Width of the flat top, or tangent, is 6 ft 
and width of the bottom 10 ft. The rotors operate at 
14.3 rpm and can be tilted forward and sidewise 4° 
on either side of the center line. Dimensions are as 
follows: 


Overall length 24 ft 
Rigid length 16 ft, 4 in. 
Width with head retracted 12 ft, 2 in. 
Width over gearcase 9 ft, 3 in. 
Height over cutting head-case 6 ft 
Weight 33 tons 


2) One 100-hp continuous rated motor direct- 
connected to the driving gears by a multiplate clutch. 
3) Heavy cast steel gear case with gearing de- 
signed for 400-hp load. 

4) One 50-hp continuous rated motor for the hy- 
draulic system. The motor operates two 20-gal 
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hydraulic pumps for the conveyor and the tractors 
and one 8-gal pump for the hydraulic jacks. About 
25 hp is available for hydraulic pumps to operate 
roof bolting drills. 

5) One heavy-duty cutter chain operating at 309 
fpm. 

6) One 24-in. wide chain conveyor operating at 
350 fpm, with a capacity of 10 tons per min. Con- 
veyor can be swung 40° to either side of the center 
line. 

7) A heavy structural steel all-welded construc- 
tion main frame. 

8) Heavy tractors with tread frames integral with 
the main frame. Tractors are 14 in. wide, each 
making 7 ft, 8-in. contact with the ground. 

9) Retraction. The machine was built to operate 
at a fixed height of 7 ft, but each rotor arm can be 
hydraulically retracted 6 in., providing 6 in. on 
each side for tramming clearance. Then by lower- 
ing the top cutter bar 6 in. and raising the bottom 
cutter bar 6 in., the total cutting head (gear case, 
cutter bars, and rotors) can be lowered an addi- 
tional 6 in. to provide 12-in. clearance above the 
machine with the bottom bar resting on the bot- 
tom. This will facilitate passage under roof bolts and 
crossbars hitched into the ribs. 

Plan of Mining, Experimental Period, and Physi- 
cal Conditions: In planning a mining method for 
this heavy machine, the problems of both full and 
partial recoveries were analyzed in detail. It de- 
veloped that a notable performance advantage 
would be gained in partial mining, especially if a 
large part of it could be straight-away work. The 
plan adopted, shown in Fig. 4, involves generally a 
three-entry system with rooms mined on the 
retreat. All breakthroughs, entry and room, are 
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driven at an angle at 60° to facilitate approach and 
to reduce the time of partial cutting. It is note- 
worthy that the room plan will facilitate driving 
the pillar lifts from two adjacent sides, thus permit- 
ting a choice if physical conditions require it. 

The miner operated in the area shown in Fig. 4 
for about five months, starting with the commonly 
used Pittsburgh Seam block system and ending 
about 500 ft inside the specially projected room 
heading. This was truly a period of experimenta- 
tion and training. Considerable time, study, and 
patience are needed to learn an entirely new mining 
procedure and train operators in the proper use of 
a machine too new to have been mastered even by 
the manufacturer. After more than a year of op- 
eration there is still much to be learned. The manu- 
facturer also learned about certain weaknesses in 
the machine, such as the breakage of the cutter 
bars and end bit holders and the difficulty in ex- 
tending and retracting the arms. Satisfactory pro- 
gress was being made on all fronts when a sulfur 
ball area was encountered. Some of these balls were 
too thick and too hard to be cut satisfactorily. As 
this was a very abnormal condition, conventional 
mining was undertaken to drive through the 
difficult area. However, when the infestation per- 
sisted for about 150 ft in one heading particularly, 
the miner was moved to another section. 

The projection for the new area shown in Fig. 5 
is basically the same as that shown in Fig. 4. Three 
headings were driven on 78-ft centers in the group, 
with 60° breakthroughs on 83-ft centers. Fig. 6 
shows the position of the miner in starting a 60° 
breakthrough. Starting at the back end of the room 
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heading, rooms are driven in line with the break- 
throughs. All blocks, except the line adjacent to 
the outside heading on the left, are mined with 
three lifts. In the excepted blocks, two lifts are 
driven for safety in mining. 

The seam section in the new area is very similar 
to the one shown in Fig. 1. An idea of the over- 
burden can be obtained from the diamond drill re- 
cord, Fig. 7, of a hole about 4000 ft from the miner 
workings. Varying somewhat in thickness over the 
mine, the layer of dark shale, coal, and bone di- 
rectly above the coal seam is protected by the 10 to 
12 in. of roof coal left unmined. Another 4 in. of 
coal are left to reduce the slack contamination 
with the fireclay that is the bottom material over 
most of the mine. In this respect, the drillhole is 
not representative. A hardpan 1 or 2 in. thick nor- 
mally caps the fireclay. 

In this particular area the seam is relatively 
flat, with a few shallow undulations. There is no 
water problem. 

On the basis of experience in the mined-out 
areas on the three sides of the miner panel, it can 
be said that the roof conditions under which the 
miner has been working and will continue to work 
are average to slightly better than average. 

Face Equipment—Operation and Face Trans- 
portation: The face equipment in the miner sec- 
tion comprises: one miner with 400 ft of three-con- 
ductor rubber-covered 4/0 cable with ribbon- 
ground wire, one conventional loader, two shuttle 
cars of 7-ton capacity, one rubber-mounted roof 
bolting machine, one hydraulic drill, and one per- 
missible distribution box with ground current 
limiter. 
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To obtain the near equivalent to continuous face 
transportation at the time the miner was placed in 
service, it was decided to pick up the coal back of 
the unit by a conventional loader on hand. This 
method is still being followed. Advancing and re- 
tracting the belt on 166-ft centers (every other 
breakthrough) obtains an average haul of 190 ft in 
development and 240 ft on retreat one way. A 45° 
stub is provided in the rooms for a closer change- 
out, and under normal conditions two shuttle cars 
have hauled the coal from the miner with only 
moderate delays. Floor space for 5 or 6 tons of coal 
is usually enough to permit continuous mining dur- 
ing the ever-present shuttle car changeout time, 
which is about 1 min. Loading directly into a 
shuttle car would lower performance appreciably. 

This piling and pick-up, however, has a dis- 
advantage in development. Since the cone-shaped 
pile of 5 to 6 tons covers the floor from rib to rib, 
the bratticeman must work in a restricted space, 
watch for the rolling lumps, and be alert to pos- 
sible disruption of ventilation by the loader reach- 
ing for the coal under the brattice and sometimes 
on it. 

It is noteworthy here that piling cannot be prac- 
ticed in all mines and under all systems. To the 
writer’s knowledge, the idea is not used at all, or 
is used with restrictions, in sections where pillars 
are pulled under bad top and under the treacher- 
ous top that rips and caves suddenly. Neither of 
these conditions exists in the mine under consider- 
ation. 


Mining System and Method of Roof Control: In 
development, all headings and breakthroughs are 
bolted with one line of bolts on 4-ft centers, as 
shown in Fig. 8. Bolts are % in. diam and 5 ft long 
and are installed with expansion shells by rotary 
drill. The two-man bolting crew performs all work 
on the day shift, an average of 55 to 60 bolts per day. 
Most of the time the crew operates without inter- 
ference from or to the miner. If heavy top is en- 
countered in close proximity to the machine, mining 
is stopped until the necessary bolting is accom- 
plished. The close clearance prohibits the use of 
posts. 

On retreat, each room to the first breakthrough, 
as well as the breakthroughs, is bolted on the cen- 
ter line. No more bolts are required in the remainder 
of the rooms, breakthroughs, and pillar lifts, except 
in the limited localized bad top areas. 

This is a remarkable situation, even though the 
fenders between pillar lifts are only about 5 ft thick 
at the center, which is equivalent to a recovery of 
roughly 70 pct. Difficulty was encountered only in 
few instances when the lifts were off line and the 
fenders were broken through. Although it is true 
that the relatively thin fenders are considerably 
firmer and stronger than similar fenders made in 
conventional mining, and although the top is nor- 
mally fair to good, the main reasons for the suc- 
cessful roof control are the arch roof cut by the 
miner and the absence of blasting. Secondary fac- 
tors are the small open area near the mined-out 
area and the speed of mining. In pillaring and in 


Plan of mining for continuous machine (Fig. 4). 
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partial mining with conventional equipment in the 
same mine, under top and bottom conditions com- 
parable to those found with continuous mining, 
headering on 4-ft centers is generally required. 
The greater value of the arch compared to square 
corners was demonstrated by the fact that more 
timbering was required in the mine with a ripper- 
type machine. Certain arched headings in the mine, 
driven by pick mining about 25 years ago, are still 
standing open without even a break in the roof 
coal. 

The arches formed by the miner serve as con- 
tinuous abutments on either side of an opening only 
a 6 ft wide open span. It would be difficult to im- 
prove the design of this strong support without 
destroying the practical size of the opening. 

Other Equipment and Power: The mine car 
loading station is at the mouth of the room head- 
ing. The 30-in. wide belt conveyor, located in the 
middle heading, is equipped with a two-speed 20 
to 40-hp d-c motor and operates at 400 fpm. Its 
maximum length in the setup was 2325 ft. Although 
the belt conveyor is wired for reversing, it has 
not been necessary to use this feature. To obtain 
greater efficiency in loading the 34%4-ton steel mine 
cars a pant-leg chute with a flop gate was in- 
stalled at the belt discharge head. 

Men, supplies, and equipment are carried on 
40-lb track with steel ties located in the heading 
adjacent to the belt heading on the right. The 
track is maintained to a point opposite the tail 
piece of the conveyor. It is noteworthy here that 


width of place cut by the continuous miner—a 
maximum 13 ft 2 in. with 10 ft of flat or tangent 
surface—is adequate for conveyors wider than 30 
in. (possibly for conveyors up to 60 in.) and for 
main line track haulage using mine cars 6 to 6% 
ft wide. 

Power is supplied to the continuous miner section 
by a 400-kw portable underground rectifier and by 
a 200-kw M.G. set on the surface. Most of the 
power is furnished by the rectifier, and the feeder 
line distance to the most remote room is 4000 ft. 

The power circuits, all located in the track head- 
ing, consist of 1 million cir mils bare cable and a 
9-section trolley for the positive and 1-million cir 
mils cable and bonded 40-lb track for the nega- 
tive. A junction box with circuit breaker is provided 
for the miner, while fused nips and safety quick 
break plugs are used to take off power for the 
other face equipment. These controls are located 
in the belt heading both in development and on re- 
treat. 

Voltage and horsepower requirements are very 
important phases of continuous mining. Fig. 9 shows 
the average volts at the miner and the average am- 
peres pulled during the various operating periods. 
Fig. 10 shows the corresponding kilowatts and kilo- 
watt-hour loads. 

While the voltage at the junction box, or at the 
end of the 400-ft 4/0 trailing cable, was at or in 
excess of the 230 rating of the 100-hp motor most 
of the shift, the situation at the machine was notice- 
ably different. Here the voltage dropped under 210 
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Fig. 6A—In this view the rear of the machine is shown with the shuttle car. 
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Fig. 6—In this view the miner is in position to start a 60° breakthrough. 
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Fig. 7—Diamond drill record of a hole about 4000 ft from the new area of miner workings. 


during four 2 to 174%-min periods with a load of 
435 to 500 amp. It dropped under 220 during ten 
2 to 17.5-min periods with a load of 385 to 500 amp. 

While the miner was cutting it averaged 400 
amp in 224 min, with a maximum of 545 amp in 9 
min. For tramming, an average 55 amp were used 
in 52 min. The machine did not consume any power 
for 67 min. Thus the miner operated in coal 65 
pet of the available face time, trammed 15 pet, 
and was idle 20 pct of the time. 

To break down, bulldoze, and convey the coal, 
the miner pulled a load of 46 to 102 kw, the latter 
being equivalent to 137 hp. In producing 382 tons it 
consumed 390 kw-hr, or roughly 1 kw-hr per ton. 

These power conditions may be considered satis- 
factory for the location of the miner on April 5, 
1955, when it was working in development about 
2900 ft from the substation. While the voltage at 
the machine fell below the rated value a number 
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of times, the down time and the lighter tramming 
load offset the heating disadvantage of the higher 
amperage. 

The additional distance of about 1100 ft to the 
back end did cause some difficulty with power. This 
condition gradually improved, since the roof weight 
helped break down the coal as the mined-out area 
was increased. In another mine the continuous 
miner’s performance has been measured at 3.0 to 
3.5 tons in development and 6 to 7 tons on retreat. 
Therefore, although only 382 tons were produced 
when the power was measured, as compared to 
the average 465 tons for the 11-month period, most 
of the latter was mined in pillar splits on retreat. 

However, to conduct power satisfactorily for a 
high-producing miner 3500 to 4000 ft from a sub- 
station, 2 million cir mils each in the positive and 
the negative circuits are preferable, if the trailing 
cable is to be 4/0 and 400 to 500 ft long. Voltage loss 
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Fig. 8—Roof control is provided by a line of 5-ft bolts, 5-in. diam, driven on 4-ft centers. 


in the trailing cable ranged from 2 to 9 pct and 
averaged 7 pct. 

Ventilation: In this very gaseous mine a relatively 
large volume of fresh air must be supplied to the 
face. The bratticeman is stationed at the rear end 
of the miner to advance the line brattice as needed. 
Because the rooms are turned right off the heading 
and the controls are on the right side of the ma- 
chine, the fresh air properly flows across the oper- 
ator toward the face, also permitting better visi- 
bility. Although the brattice cannot be hung closer 
than about 20 ft from the face, the air velocity, 
together with the turbulence of the air around the 
miner caused by the rotating arms and the rela- 
tively rapid advance of the machine, has diluted 
and carried off the gases and dust satisfactorily. 

When the rooms are to be turned on the left side, 
or opposite to the controls, a ventilation plan will 
have to be developed to prevent the return of dust- 
laden air over the operator. One such plan has been 
tried successfully in one of the Pittsburgh Seam 
mines in western Pennsylvania. It would be even 
better for the manufacturer to equip the machine 
with dual controls. A third possibility is to use a 
3000 to 4000-cfm blower on the miner with a flex- 
ible hose attachment on the rear to bypass the op- 
erator when the brattice is on the opposite side. To 
the writer’s knowledge, this idea has not been 
tried, except to determine that space for a permis- 
sible blower, and the blower itself, is available. 

The final word about ventilation is that the 
belt heading is stopped off from the other two to 
within a breakthrough of the tail piece. Air enters 
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the section through the tracked heading and returns 
through the one on the left. By an air lock in the 
belt heading near the discharge end, flow of air is 
controlled over the belt to provide the desirable 
safety in case of a fire. 

Performance: The miner started development of 
the room heading shown in Fig. 5 on Feb. 1, 1955, 
and is now mining its way to the next outby room 
heading. From Feb. 1 to Dec. 31, 341 shifts were 
worked, generally on two shifts per day, to produce 
158,517 tons of clean coal—an average of 465 tons 
per machine shift. 

On the average, 7.5 face men were employed per 
shift—1 foreman, 1 miner operator, 1 loader op- 
erator, 2 shuttle car operators, 1 bratticeman, 1 
boom man, and 0.5 roof bolters. 

In addition, 1.5 men per shift were employed on 
miner maintenance and 0.5 men per shift on main- 
tenance of other equipment. Average performance 
during the 11-month period, then, was 62 tons per 
face man without maintenance and 4 tons with 
maintenance. 

It is interesting to note, as a potential in continu- 
ous mining, that from September through December, 
1955, average shift production for each of the four 
months was 480, 505, 570, and 642 tons, respectively. 
Correspondingly, the tons per face man were 66, 70, 
79, and 88. Maximum production per shift was 798 
tons, 114 tons per face man. In at least 6 shifts per- 
formance exceeded 100 tons per face man. 

Delays: This performance represents a challenge 
to determine how the yearly average can be in- 
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Fig. 9—Average yolts at the miner and average amperes 
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Fig. 12—Chart of amperes drawn by machine while producing 382 tons of clean coal in one shift. 


creased to approach the higher values more closely. 
The various delays offer a fertile field of study. 

From the record of time consumed for the many 
jobs done at the face, other than the actual mining of 
coal, and including the delays during the 11-month 
period, the following can be summarized: 


Continuous Miner Available Time at Face, Pct 


Changing Bits 6.3 
Tramming 0.8 
Bolting 0.3 
Maintenance 
Electrical, including Cable 2.1 
Mechanical 6.1 
Hydraulic 2.8 
Miscellaneous 0.7 
Total 19.1 
Other than Continuous Miner 
Rock Dusting 3.0 
Track Haulage 0.6 
Loader 
Shuttle Cars 1.4 
Belt Conveyor 0.9 
Miscellaneous 1.0 
Total 8.0 
Total 1 and 2 27.1 
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Thus the miner was in production, to whatever de- 
gree, 73 pct of the time available at the face. With 
355 min as the available time per shift, the miner 
operated 260 min and averaged 1.79 tons per min 
during the 11-month period. In the last four months 
of 1955 this figure was increased to 2.1 tpm. Since 
the machine has a capacity of 3 to 4 tpm in develop- 
ment and 5 to 7 tons in retreat, there is room for 
greater efficiency within the operating period. These 
inefficiencies may include certain shuttlecar delays, 
such as unloading the shuttle car onto the 30-in. belt, 
which were not included in analysis of the delays— 
repositioning of the machine, tough cutting, low 
voltage, and partial face cutting, to name the most 
prominent. 

Further, the nonproductive jobs attributable to 
the miner, including the miner breakdowns, repre- 
sented roughly 70 pct of the total nonproductive 
time, and the actual miner breakdown time was 40 
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pet. This latter figure includes mainly the difficulty 
with the extensions and retractions of the rotor arms 
and cutter chain sprockets and the breakage and 
alignment of cutter bars. Both problems have largely 
been solved. A cutter bar has not been broken for 
several months. 

The electrical delay was caused almost entirely 
by a brush holder, which has been corrected, and the 
hydraulic delay was due largely to the cutter bar 
jacks. Only three to four hoses have been replaced. 

During the 11-month period of the delays the bit, 
oil and grease, maintenance material for the miner 
and other equipment on the section was $0.16 per ton 
of clean coal produced by the miner. Also, the miner 
produced about 200,000 tons to the end of December. 

Bolting and tramming are nominal in percentage 
of the total nonproductive jobs; changing of bits is 
an appreciable item of 23 pct; rock dusting, 11 pct, 
might be reduced by wet application; and break- 
downs of accessory facilities, approximating 18 pct, 
present a real challenge to reduce the number of 
items used, as well as to provide better maintenance. 

The following is a comparison of the screen analy- 
sis of coal mined by conventional loaders and the 
boring-type miner. The +5-in. coal is crushed to 5 
in. before analysis, see table at right. 

The potential of continuous mining in the Pitts- 
burgh seam is tremendous, as evidenced by an occa- 


Wt, Pct 


Conventional Boring-Type 


Sizes Loader Miner 

5 x3 in. 5.5 10.0 
ine {fail 11.8 
2x1% in. 13.0 15.4 
144 x % in. 14.1 
%4 x We in. 12.3 10.4 
Ye x % in. 8.0 6.9 
x Yq in. 9.0 6.9 
Yq x Yg in. 11.6 8.5 
¥g in. x 14 mesh 6.8 4.9 
14 x 28 mesh 4.9 3.7 
28 x 48 mesh 3.0 2.4 
48 mesh x 0 4.7 3.4 
100.0 100.0 


sional performance of 100 tons per face man even 
without continuous face transportation. To a lesser 
extent, the same can be said about other seams. But 
if this potential is to be realized, more careful plan- 
ning and more precise follow-up will be needed than 
ever before. More than $250,000 is involved in 
equipment for a section, and mistakes can be costly. 
The manufacturers, too, will need to improve the 
present machines to render them more durable, 
more flexible, and more applicable as full-face units 
in the various seams of coal. If that is accomplished, 
and if the miners are evaluated on the basis of their 
economic superiority over conventional loaders and 
not upon their close approach to 100 pct productive 
time at the face, efforts will have been directed on 
the proper course. 


Discussion 


Comment by J. W. Woomer: Froin my viewpoint, 
the findings of the report can be divided into four 
parts: 

I. The results portray: 

1) The well known disadvantage of working a 
conventional loader unit in tandem with a continu- 
ous miner with the resulting ventilation problems, 
conflicts, the additional delays and maintenance 
costs, and the retreat mining safety problems. 

2) The disadvantage of using a given number 
of shuttle cars when they are operating in the maxi- 
mum haulage distance or so-called shadow zone. 

3) The handicap of shuttle car-to-belt delays. 

4) The advantage of dual loader controls in re- 
treat work in many mining and geological conditions. 

II. The results to date prove that the often pre- 
dicted advantages of such high speed mining in both 
advance and retreat are a fact in this application. 
These are: speed of advance, an arched roof, the ab- 
sence of blasting, and the simplification of the min- 
ing cycle. 

Furthermore, the report’s detailed exposition of 
the direct current power consumption for the job is 
of great value as confirmation of the advantages of 
concentrated loads and as a basis for study of the 
need for 100 pct future application of alternating 
current to such work. 

III. In the introductory paragraphs of his paper 
Mr. Krickovic makes certain conclusions on the 
overall subject of continuous mining. His wide study 
of performances to date and of the future’s needs 
makes these conclusions very important. 

Furthermore, his pointing out the use of several 
types of equipment in a mine is quite practical and 


TRANSACTIONS AIME 


realistic. His pointing out the need for our manu- 
facturers to attack the problems of these mines hav- 
ing thick and hard partings and those having seams 
less than 40 in. in thickness is well worth repeated 
presentation to the industry. 

IV. The report indicates an average performance 
over a substantial period of 50 tons per crewman in- 
cluding supervision and face maintenance. It shows 
that continued improvement is being made. The re- 
sults also show sustained productions of 80 tons per 
crewman shift. 

With a potential ultimate probability of no more 
than three so-called general mine back-up men sup- 
porting each crewman at such an operation, this ton- 
nage indicates that 20 to 30 tons per shift per total 
man employed at the mine are not too far away. 


Author’s reply—In reference to Mr. Woomer’s 
comments, I wish to point out that, while there are 
certain disadvantages to the use of a conventional 
loader in tandem with a continuous miner and to the 
use of shuttle cars, the advantages of the total setup 
used at the time the paper was written cancelled all 
these disadvantages when compared to a conven- 
tional mining system. Suitable and proven continu- 
ous face transportation would eliminate the prob- 
lems, conflicts, and delays mentioned by J. M. 
Woomer. Such continuous face transportation was 
not available in 1955, and, although manufacturers 
have made progress since then, a totally satisfactory 
answer has not been found yet, in my opinion. 
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Radioactive -Tracer Technique for Studying 
Grinding Ball Wear 


by M. Pobereskin, N. M. Ewbank, Jr., G. D. Calkins, A. Wesner, and J. E. Campbell 


RINDING for size reduction affects the eco- 

nomics of many processes and products. It is 
essential as the first step in many industrial proc- 
esses and is also a finishing step for materials with 
properties depending on particle size, such as talc, 
cement, and silica sand. 

Intermediate and fine grinding are vital opera- 
tions in the U. S. cement industry, which is pro- 
ducing more than 250 million bbl of cement per 
year.. Wear of the grinding media is a large part 
of the grinding operation cost. Problems encoun- 
tered in grinding cement are so complex that eval- 
uation of efficiency and economy of grinding media 
is difficult.” It has been especially difficult to eval- 
uate the relative effectiveness of different types of 
balls because there are no good testing techniques. 

Many other industrial operations can be eval- 
uated on a laboratory scale with reasonable ac- 
curacy. This does not hold true for evaluation of 
grinding balls. The consistent results obtained in 
a laboratory test under a given set of conditions 
are not always borne out in field application. 

Rough evaluations of the effectiveness of various 
compositions and types of grinding balls have been 
made in the field by using a full charge of one type 
in a mill and comparing the production record with 
another run using another type of ball. This method 
is time-consuming and not very precise, as the sec- 
ond run may not have been carried out under 
identical conditions. Laboratory-scale tests, on the 
other hand, have yielded inconclusive results, and 
many investigators have turned their attention to 
the development of a field testing technique. 

Field testing small sample lots of grinding balls 
has been impractical because it is difficult to identify 
and recover the test specimens from the grinding 
mill, and individual groups of balls that have un- 
dergone different heat treatments can not be sep- 
arated.** To overcome these difficulties, previous 
investigators have identified the balls by distinctive 
marks, notches, and drilled holes, but this proce- 
dure has three serious drawbacks: 

1) Grinding characteristics and quality of the 
steel balls may be affected. 

2) Physical markings may be worn away in the 
grinding process, especially during a prolonged run. 

3) Recovery from the bulk of the charge will be 
extremely difficult because the markings are hard to 
see and may be masked by a coating of the product. 

To circumvent these difficulties, a radioactive- 
tracer technique was proposed for recovery and 
separation of steel grinding balls and subsequent 
evaluation of the various compositions of the balls. 


M. POBERESKIN is Assistant Chief, Radioisotope Research Div., 
Battelle Memorial Institute, Columbus, Ohio. N. M. EWBANK, JR., 
is now with Atomics International. G. D. CALKINS is Chief, Radio- 
isotope Research Div., A. WESNER is Assistant Chief, Minerals 
Beneficiation Diy., and J. E. CAMPBELL is Principal Metallurgist, 
Physical Metallurgy Diy., Battelle Memorial Institute. 

TP 4662B. Manuscript, April 1, 1957. 
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The proposed technique involved five basic opera- 
tions: 

1) Thermal-neutron irradiation activation’ of 
each group of test grinding balls to a different level 
of specific radioactivity. 

2) Addition of groups of radioactive steel-ball 
specimens into a ball tube mill. 

3) Recovery of radioactive steel-ball specimens 
from the bulk of the mill charge. 

4) Separation of the various groups by their 
specific radioactivity. 

5) Evaluation of actual grinding ball wear. 

Before any physical tests were performed, re- 
quired neutron irradiation intensity and time were 
calculated. Probable composition of the steels to 
be used was ascertained. An examination was made 
of the radioactive nuclides’ to be formed which 
would contribute measurably to the radiation level 
immediately after irradiation and during the test 
operation. The radioisotopes formed, their types of 
radiation, and their half lives are listed in Table I. 
Of these radioisotopes only iron-59 and chromium- 
51 were significant for the actual wear test. 

The intensity of radiation that could be detected 
by a Geiger counter when the test was completed 
was the basis for the minimum activation level es- 
tablished. The intensity of radiaton that could be 
safely handled at the beginning of the test was the 
basis for the maximum activation level, although 
this was not considered a major problem. 

Ten groups of grinding balls of various composi- 
tion and/or surface or heat treatment were to be 
tested. One group was designated for the minimum 
irradiation time. The remaining groups were desig- 
nated for irradiation periods that increased by in- 
crements of 33 pct from that of each preceding 
group. This difference was considered enough for 
separation and identification of the groups by com- 
parison of specific activity. 

Potential Hazards: Possible radiation hazards 
that might be encountered during this experiment 
were evaluated for the three important phases: 
1) the radiation hazard of placing balls and remov- 
ing them from the mill, 2) contamination of the 
product cement by radioactive material worn from 
the balls, and 3) contamination of the steel by the 
radioactive balls left in the mill. 

The radiation intensity expected from the whole 
group of radioactive balls was calculated to be 250 
milliroentgen per hr at 1 ft. This meant the balls 
would require special shielded packaging and warn- 
ing labels on the shipping containers. In a radiation 
field of 250 mr per hr a man can work for 1 hr 
without exceeding maximum permissible weekly 
exposure. Since the balls could be dumped into the 
mill in a matter of seconds, relatively little radia- 
tion exposure was anticipated at this stage of the 
operation. 

If the weight loss in the balls was 7.7 pct per 
month and the cement feed through the mill was 


TRANSACTIONS AIME 


Table |. Radioactive Nuclides Produced by Neutron 
Activation of Grinding Balls 


Element Nuclide Radiation Half Life 
Iron Fese Beta-gamma 47 days 
Iron Fes Electron capture 2.9 years 
Manganese Mn% Beta-gamma 2.6 hr 
Phosphorus ps2 Beta 14.3 days 
Sulfur $35 Beta 87 days 
Silicon Sist Beta 2.6 hr 
Chromium Crs1 Beta, electron 27 days 

capture 
Nickel Ni® Beta-gamma 2.56 hr 


36 tph, concentration of radioactive material would 
be about 0.34 microcurie per ton of cement. Because 
of the natural radioactive decay, this level would 
drop to about 0.14 microcurie per ton of cement in 
two months. This degree of radioactivity is less 
than that normally found in cement. A cement con- 
taining 0.5 pct of potassium has a radioactivity level 
of 4.1 microcuries per ton because of the natural 
radioactivity of potassium-40. 

Contamination of the steel is similar to that of 
cement. Assuming that 90 pct of the radioactive 
balls were recovered at the end of a two-month test 
period, approximately 4.5 millicuries of radioactive 
balls would be left in the steel. This figure is prob- 
ably high because the balls missed would probably 
be those of low specific activity. If the 4.5 millicuries 
were processed in a 45-ton batch of steel, the con- 
centration of radioactive material would be 0.1 mil- 
licurie per ton of steel. This amount is not a radia- 
tion hazard. 

Checking the Calculations: Because the pro- 
posed technique was new, an experimental check 
of the calculations was made. Samples of the vari- 
ous steels to be used in the test balls were irradiated 
to the predetermined levels. This check was run 
well before the test balls were received so that the 
radioactive nature of the activated steels could be 
studied over a period equal to the time required for 
the actual test. This check indicated that prelimi- 
nary calculations and predictions were reasonable. 

Decay curves and absorption curves were taken 
to prove that only the nuclides anticipated were 
present. The instruments reserved for the actual 
operation were used in the tests run on the check 
samples. 

Neutron Activation of Grinding Balls: When pre- 
liminary calculations, determinations, and checks 
had been made and 190 steel ball specimens of 10 
different compositions had been received, prepara- 
tions were made for neutron irradiation activation. 
Each of the 10 groups contained 19 balls. The steel 
ball specimens were weighed and sent to the X-10 
Nuclear Reactor at Oak Ridge National Laboratory 
for irradiation activation. A special request was 


Table Il. Irradiation Data 


Radioactivity 


Irradiation Time, After After 26-Hr 
Lot min Irradiation, Decay, 
Number wt,G Requested* Actual** Curies Millicuries 
8 1037.19 30 23 1.36 11.03 
1 1054.38 40 31 1.30 1.84 
2 1055.18 53 41 1.66 2.38 
3 1053.23 71 55 2.12 2.95 
4 1053.73 94 72 2.69 3.98 
5 1058.96 125 96 6.35 9.70 
7 1060.88 166 128 Teele) 13.01 
T-A 1060.67 221 1107 9.35 16.36 
6 1054.84 294 226 5.04 21.99 
9 1051.90 391 301 12.13 24.01 


* Based on a flux of 5 x 10% neutrons per sq cm per sec and a 
33 pct increase in specific activity for succeeding batches. 
** Based on actual flux of 6.5 x 104. 
y+ Probably resulted from misreading of 170. 


Table III. Measured Radiation Intensity of 
Activated Balls 


Lot Activity (Cpm,* 128) 

Number Mean High Low 
1 33 43 31 
2 43 50 39 
3 58 65 54 
4 75 85 68 
5 104 117 92 
6 245 281 231 
tf 151 167 137 
TA 130 157 119 
8 37 43 33 
9 308 356 284 


* Counts per minute. 


made for as uniform a neutron flux as possible to 
insure uniformity of specific activity in each batch. 
Table II lists the lot number, weight of each batch, 
requested irradiation time, actual irradiation time, 
radioactivity immediately after irradiation, and 
radioactivity 26 hr after removal. Several discrep- 
ancies will be noted. Actual irradiation time was 
25 pct less than the requested irradiation time in 
all but one instance. This change was probably 
made by the reactor operators because the neutron 
flux was 25 pct higher than requested. In batch 
No. 7-A a 25 pct reduction of the requested irradia- 
tion time would be 170. This figure was probably 
misread by the reactor operator as 110. 

On return from the reactor, specific radioactivity 
of the balls was determined, as shown by Table III. 
Counting was performed on the bottom shelf of an 
end-window G-M counter. There was some over- 
lapping of activity in individual balls of the various 
lots. This was corrected by rejecting the balls that 
caused the overlap, a correction that was not pos- 
sible in the case of lots 1 and 8. Because some of 
the activity of lot 8 came from chromium-51, which 


Table IV. Activity and Weights of Recovered Balls 


wt,G 
Maximum Maximum 
Initial Variation Final Variation Activity per Ball, Cpm per G 
Lot No. Average in Initial Average in Final Mean High Low Control Ball 
1 55.49 0.75 52.99 0.93 13 15 12 13 
2 55.54 0.16 52.69 0.53 18 20 16 17 
3 55.43 0.12 51.74 0.36 25 28 21 24 
4 55.46 0.06 51.36 0.17 32 36 29 31 
5 55.73 0.04 51.48 0.19 46 51 42 49 
6 55.52 0.03 52.42 0.19 118 131 107 113 
7 55.84 0.04 55.06 1.02 62 69 56 64 
TA 55.82 0.11 55.68 0.12 50 58 47 57 
8 54.59 0.20 54.48 0.20 14 17 12 13 
9 55.36 0.08 53.20 0.27 142 156 128 136 


TRANSACTIONS AIME 


DECEMBER 1957, MINING ENGINEERING—1357 


decays faster than iron-59 (normally the predomi- 
nant radioisotope) it was expected that the specific 
activity of lot 8 would be significantly lower than 
lot 1 by the end of the test period. One ball was 
reserved from each batch to serve as a control. In 
all, 18 balls were removed. The remaining 172 test 
ball specimens were shipped to the Lone Star Ce- 
ment Corp. in Birmingham, Ala., for the test run. 

Charging the Steel Ball Specimens to the Mill: 
The package of radioactive balls received by the 
cement company was stored unopened in an isolated 
corner, as requested. The radiation level at the sur- 
face of the package was 40 mr per hr, and at 1 ft 
this dropped off to about 2 mr per hr. 

The steel ball specimens were charged into a 
finish mill through an open hatch on April 25, 1955. 
This ball tube mill had been initially charged with 
90,000 lb of balls on Feb. 3, 1955, for this process- 
ing cycle. The 172 steel ball specimens were to mix 
with about a million other steel balls. Handling of 
the cans containing the radioactive balls was kept 
to a minimum. The entire operation was completed 
in 3 or 4 min. 

A survey of the radiation level before and after 
the steel ball specimens were charged showed the 
general background in plant vicinity to be 0.03 to 
0.05 mr per hr; surface of grinding mill at head 
level, both before and after adding the balls, 0.1 to 
0.2 mr per hr; radiation 1 ft above the open charge, 
7 mr per hr; and radiation at open hatch 0.3 mr 
per hr. 

These observations verified the calculations that 
the radiation from the balls distributed in the charge 
would not be detectable above the background radi- 
ation from the mill. A survey of the shipping cans 
and packing material indicated no contamination, so 
these items were left at the plant for disposal. 

Radioactive Steel Ball Specimen Recovery: On 
Aug. 11, 1955, the grinding mill was shut down and 
the load dumped according to usual plant pro- 
cedure. The charge was screened at ¥% in. to re- 
move the cement and undersized balls. This dis- 
carded material was monitored with Geiger counters 
to make sure that no radioactive material was 
present. 

The plant staff prepared a sorting trough in which 
the grinding balls were spread out one layer deep, 
8 in. wide, and 12 ft long. This area was scanned 
with two portable Geiger counters with probes and 
meters sensitive over the range zero to 20 mr. It 
was more than an hour before the first radioactive 
ball was found. This was somewhat discouraging, 
but the rate picked up later, especially when a 
second trough was put into use. 

In four days 169 of the 172 balls were recovered 
from the 45-ton charge. Only one pass was made 
through the charge. The 98 pct recovery of the 
specimen balls was considered good and a second 
pass unnecessary. The area around the plant and 
the mill, in particular, was monitored after the 
recovery operation to be certain that no radioactive 
material was present. The recovered balls were 
packaged, labeled, and shipped back to Battelle 
Memorial Institute. 

Separation of Steel Ball Specimens into Original 
Groups: The steel ball specimens were cleaned 
and weighed, and the specific radioactivity of each 
ball was determined in Battelle’s radioisotope and 
radiation laboratory. Weights and specific activity 
factors are recorded in Table IV. The specific ac- 
tivity factor, in units of counts per minute per gram, 
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was used to separate individual balls into their 
original lots. Most of the separations were straight- 
forward, but in borderline cases physical appear- 
ance and measurements were used as an aid and the 
separations were confirmed by chemical analysis of 
the individual balls after the wear of the steel ball 
specimens had been evaluated. In the case of lots 
1 and 8, in which the overlap was greatest, differ- 
entiation was very easily made according to the 
appearance of the balls. 


Discussion and Conclusions 


Use of radioactive grinding balls as specimens for 
study of grinding ball wear has been demonstrated 
conclusively by the results reported above. This 
tracer technique permits using actual plant mills 
for detailed study of factors affecting grinding ball 
wear. In a comparatively short time it is possible to 
study fundamental metallurgical and structural fac- 
tors affecting wear, as well as the relative cost of 
using different wear media. 

Marking the specimen balls by means of neutron 
activation eliminates the drawbacks of physical 
marking. 

Although the results of this experiment were 
gratifying, the technique can be improved. Ninety- 
eight percent recovery of specimen balls may be 
considered excellent, but 100 pct should be attain- 
able. By raising the minimum activation level this 
can probably be achieved, since the balls of lowest 
specific activity in this experiment had a radiation 
intensity only three times the background. Ten 
times background level, as a minimum, would lend 
itself to easier recovery. When specimen balls were 
separated into their respective lots, there was some 
overlap in some of the lots. These cases were read- 
ily separated by visual appearance, dimension meas- 
urement, and chemical analysis. It should be pos- 
sible, however, to achieve separation entirely on the 
basis of specific activity, if a greater difference in 
activation between lots is established initially. Fifty 
to a hundred percent activation difference is rec- 
ommended, depending on the total number of dif- 
ferent lots to be evaluated. 

A second field experiment now under way in- 
corporates the improvements of the first. A further 
refinement in recovery is a conveyor belt running 
under a radiation detector. With this belt it should 
be possible to screen the mill charge in one to 
two days. 
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Grinding Magnetic Taconite 
Rod Mills 


At Reserve Mining Co.'s Babbitt plant, using a longer rod 


mill has solved a problem. 


by E. M. Furness and A. S. Henderson 


RIGINALLY the Babbitt experimental plant 
grinding circuit consisted of one rod mill 10% ft 
diam by 12 ft long in open circuit followed by two 
ball mills 10% ft diam®* 12 ft long in parallel cir- 


* Shell liners 3 in. thick, 10 ft ID. 


cuit. Shortly after operations commenced it was 
apparent that the rod mill could not function sat- 
isfactorily at the required 125 gross tons of ore 
per hr. Attempts to operate at this rate produced: 
1) excessive tramp material over rod mill trommel 
screen which could not be handled in this open cir- 
cuit and 2) excess build-up of coarse ore in the ball 
mill circuits because of inadequate rod mill grind- 
ing. Since Reserve Mining Co. ore must be ground 
to 85 pct —325 mesh to produce a satisfactory iron 
concentrate, an efficient and controlled grinding cir- 
cuit is highly important. 

The first step in trying to resolve this grinding 
problem was to determine which unit of the circuit 
was actually in trouble and to what extent. A se- 
ries of tests conducted at a lower tonnage rate of rod 
mill feed indicated that one ball mill could grind 
satisfactorily at rates up to 70 gross tons of rod 
mill feed per hr. 

This method of operation necessarily increased 
both power and steel consumption per ton of ore 
ground, but of more concern, cut the capacity of the 
Babbitt plant by 45 pct below the 125 tph for which 
it was originally designed. Apparently the major 
difficulties of the circuit were confined to the rod 
mill. 

Two possible solutions were proposed: 1) to add 
larger balls to the ball mills and run these mills at 
higher speed to break the coarse ore received from 
the rod mill, and 2) to improve the rod mill grind 
at the rate of 125 tph by increased speeds. 

To develop a grinding circuit that would produce 
the desired tonnage at minimum cost in power and 
steel consumption, it was decided to continue using 


E. M. FURNESS and A. S. HENDERSON, Members AIME, are, 
respectively, Superintendent of Crushing and Concentrating, E. W. 
Davis Works, Reserve Mining Co., and Chief Process Engineer, 
Reserve Mining Co., Silver Bay, Minn. 

TP 4645B. Manuscript, Jan. 11, 1957. New Orleans Meeting, 
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the slow-speed ball mills. The next step was to 
improve rod mill operation by changing the speed 
of this mill. Such an attack would affect only one 
mill and would allow slower speed on the ball mills. 

The rod mill, as originally purchased, operated at 
15.45 rpm. Additional pinions were purchased to 
test this mill at 16.45, 17.45, and 18.45 rpm. When 
the mill speed was increased by the use of these pin- 
ions, rod breakage with this short mill increased 
out of all proportion to the improved grinding, until 
at 18.45 rpm breakage became as high as 7 lb per 


Screen Analysis Before and After Lengthening of Rod 


Mill 
10-Ft 6-In. x 
10-Ft 6-In. x 12-Ft Rod Mill 14-Ft 7-In. Rod Mill 
Crude 
Ore 90 Tph, 125 Tph, 

Feed 15 Pet Cumula- 15 Pct Cumula- 
Tph + %34-In., Pet tive, Pct + %4-In., Pct tive, Pct 
+4 0.61 0.61 0.22 0.22 
+6 2.54 SLD) 1.19 1.41 
+8 5.62 8.77 2.59 4.00 
+10 9.37 18.14 5.33 9.33 
+14 14.90 33.04 7.92 L;25 
+28 12.21 45.25 17.93 35.18 
+48 12.73 57.97 16.53 BLL 
+65 5.12 63.09 6.63 58.34 

+100 6.22 69.31 7.56 65.90 
+150 4.23 73.54 4.84 70.74 
—150 30.69 29.24 
Motor power 460 hp 675 hp 
Speed 16.45 rpm 16.45 rpm 


Normal Rod Mill Feed for Babbitt Plant and E. W. 


Davis Works 
Babbitt Plant E. W. Davis Works 
Cumula- Cumula- 

Size Pct tive, Pct Size Pet tive, Pct 
+1% in. 0.51 0.51 +1lin. 2.80 2.80 
+1in. 0.89 1.40 +%¥, in. 5.51 8.31 
+% in. 4.85 6.25 + Ye in. 19.66 27.97 
+ ¥2 in. 17.26 23.51 + ¥% in. 17.61 45.58 
+ ¥q in. 39.30 62.81 in. 13.72 59.30 
+10 mesh 19.90 82.71 +10 mesh 19.93 79.23 
+28 mesh 7.40 90.11 —10 mesh 20.77 
—28 mesh 9.89 


ton of ore ground. Also, the physical problem of 
feeding the mill and disposing of tramp oversize 
again became acute. 
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Rpm Critical Speed, Pct 


15.45 63.76 
16.45 67.89 
17.45 72.01 
18.45 76.14 


At this time the problem was again reviewed. On 
the basis of observation and past experience it was 
believed that rod mill grind could be improved by 
more retention time and also by better rod action, 
which was then poor and erratic. To obtain in- 
creased retention time and improved rod action a 
mill longer than 12 ft was necessary. With the 
manufacturer’s approval it was decided to add to 
the mill length, making it 14 ft 7 in. long. Power 
consumption of the rod mill would be increased 
from 460 to 675 hp by this change. 

Prior to changing the rod mill length, a test of 
several months’ duration was made using 4-in. diam 
rods in the mill in place of the 3'%-in. rods origin- 
ally specified. This was an attempt to lower the 
quantity of hard material to handle tramp oversize 
in the rod mill product and to test the possibility of 
lowering steel consumption. Results indicated that 
the tramp oversize, +'%-in. material, was decreased 
from %4 to ¥% ton per shift by this practice. No 
improvement in steel consumption was noted dur- 
ing the test program. Because of the smaller quan- 
tity of tramp oversize, 4-in. diam rods were used in 
subsequent charging of this mill, and the E. W. 
Davis Works are still standardized at this rod size. 

While the manufacturer was fabricating the addi- 
tional length on the rod mill, another test was made. 
The rods were replaced by a balanced charge of 
balls ranging from 1 to 5-in. diam. The mill drew 
390 kw at 14.5 rpm and 460 kw at 16.45 rpm with 
a 40 pct volume loading of balls. With a crude ore 
feed of 15 pct +%4-in. material, the following prod- 
uct was obtained in open circuit at 70 tph feed in 
the 16.45-rpm operation: 


Mesh Percent Cumulative 
+4 12.83 12.83 
+6 2.47 15.30 
+8 2.52 17.82 

+10 2.13 20.55 
+16 5.32 25.87 
+28 7.87 33.74 
+48 13.82 47.56 
+65 6:35 53.89 

+100 8.42 62.31 

+150 4.13 66.44 

—150 33.56 


Because of the large amount of +4 mesh in the 
product, this type of operation could not be adapted 
to the flowsheet unless the converted rod mill was 
placed in closed circuit. Results did not indicate 
that any major improvement would be obtained, so 
the balls were removed and the rods again added to 
the mill. 

At this time the parts were received for lengthen- 
ing the rod mill. Tests on the 14-ft 7-in. length 
showed that the designed tonnage could be handled 
at a grind acceptable for the ball mills. Table I is 
a typical screen analysis before and after the change 
with the same crude ore fed to the rod mill. 

Even with this improved grind, it was necessary 
with the spiral classifiers then in use to increase the 
speed of the ball mills from 16.45 to 18.45 rpm be- 
fore adequate control of the overflow product was 
obtained. Use of cyclone classifiers or larger spiral 
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classifiers permitted running at the original ball 
mill speed. Subsequently the classification units 
were changed to cyclones, and the ball mills now 
operate at 16.45 rpm. 

The Babbitt plant is now milling slightly more 
than 130 tph of crude ore with the rod mill and 
ball mills operating at 670 hp and 16.45 rpm. It 
is of interest that in this taconite circuit, grinding 
to 85 pet —325 mesh, power consumption is divided 
almost 2 to 1 between the two grinding units. 

During test work on the grinding circuit, con- 
siderable development work was done in the Bab- 
bitt fine crushing plant, which consisted of two 7-ft 
Symons short head cone crushers arranged so that 
they could be run in series or parallel in either 
open or closed circuit. It was found that operating 
in series open circuit these units could crush 3'-in. 
feed to a size easily handled by the rod mills. Closed 
circuit crushing drastically reduced the tonnage, 
while it did not appreciably improve the rod mill 
operation. For a long time this feed was main- 
tained at a maximum of 15 pet +% in. Improved 
liner design has helped better this figure. For the 
past year Babbitt has had little trouble in obtaining 
a rod mill feed below 7 pct +% in. The rod mill 
feed now considered normal for the Babbitt plant 
is shown on page 1359. At the E. W. Davis Works 
the +34-in. material in the rod mill feed normally 
is about 9 pct, which is believed to be caused by 
slightly different screening in the crushing plant. 

Because of the wide variations in ore milled in 
the Babbitt plant, as well as the additional quanti- 
ties of difficult ore indicated from the diamond drill 
cores, larger mills were specified for the E. W. Davis 
Works than had been used at Babbitt. For the new 
plant the rod mills ordered were 10 ft 6 in. diam 
by 16 ft long and the ball mills 10 ft 6 in. diam by 
14 ft long. The longer rod mill allowed a reduction 
in speed without sacrificing horsepower input, and 
this in turn brought rod usage down to a minimum. 

The E. W. Davis Works, with 12 rod mills and 24 
ball mills, offer a natural opportunity to study mill 
liner performance. Of the initial liners as many 
types and materials were installed as were thought 
to have some merit. Among these were single-wave 
with waves varying from 2% to 3% in., lifter bar 
type, and some double-wave in the ball mills. Ma- 
terials included chrome molybdenum high carbon 
steel, manganese, and nickel alloys. Accurate rec- 
ords are being kept of each liner’s performance. 
Although there is not yet much correlation between 
mill capacity, grinding performance, and the type of 
liner, it is apparent that the nickel alloy is standing 
up best. The high wave, which is also a nickel al- 
loy, is standing up best of all. 

The fine crushing product or rod mill feed is a 
little coarser at the E. W. Davis Works than at Bab- 
bitt because of screen differences. This does not 
particularly affect rod mill performance, but be- 
cause it was believed that 4%-in. diam rods might 
contribute to better grinding, these rods were 
charged in one similar mill, and similar feed was 
used for comparison. Data over a two-month pe- 
riod indicated that in grinding the present size of 
feed there was little if any improvement over the 
performance of 4-in. diam rods. 

Because of their length and slow speed the rod 
mills at the E. W. Davis Works are fairly flexible, 
handling variations in the crude ore economically 
and with a minimum of trouble. They have oper- 
ated very satisfactorily for the past year. 
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New Approach 


Coal Cleaning Efficiency 


Better comparison of washing units with revised evaluation 


of sharpness index. 


by G. G. Sarkar 


HARPNESS of separation and washing efficiency 

are often confused. The sharpness index indi- 
cates the precision of a washing unit; the washing 
efficiency takes into account not only the unit’s pre- 
cision but also the washability characteristics of raw 
coal and the near-gravity materials at the effective 
density of cut. A sound basis for evaluating the 
sharpness index is essential in comparing the sharp- 
ness of separation attained by different cleaning 
units. 

Sharpness Index and Related Criteria: Washing 
plant sharpness of separation has been well repre- 
sented by Hancock’s efficiency chart and Tromp’s 
curve of migrated materials. Some useful coeffi- 
cients derived from Tromp’s curve—the error area, 
probable error, and imperfection value—have been 
widely used to measure sharpness of separation. 
These are defined in a number of papers presented 
at the first and second International Coal Prepara- 
tion Conference held in Paris (1950) and Essen 
(1954) .*~ In evaluating the performance of a dense 
medium separator at four different gravities, Yan- 
cey and Greer® observed that even with similar op- 
erating conditions and the same size grading of feed, 
the imperfection value of a washing plant varies 
through a greater range than the probable error. 
The present writer also observed the same type of 
anomalies in comparing the imperfection values of 
one plant which were determined under almost 
identical conditions. He therefore devised a graph- 
ical method to evaluate a washing unit’s sharpness 
of separation and define it by a single coefficient, 
which is substantially independent of coal char- 
acteristics under normal operation of the unit. Un- 
like imperfection value, the new coefficient can be 
expressed on a percentage basis. 

Coal preparation engineers generally agree that 
the amount of misplaced material resulting from 
any separation in a washing plant is almost directly 
related to the amount of +0.10 sp gr (near-gravity) 
materials. In actual practice, however, misplace- 
ment is not restricted to the +0.10 sp gr range. It 
will be evident from a study of Tromp curves that 
this misplacement often extends over unequal 
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Fig. 1—Characteristic curves in function of ash. 


specific gravity ranges on the two sides of the actual 
density of separation. The same condition exists 
for near-gravity ash distribution and the resultant 
misplacement of ash units during any separation. 
But so far as the same unit is concerned, the total 
misplacements bear a definite ratio to the amount of 
near-gravity zone materials that is affected by mis- 
placements. This ratio should be constant not only 
for various densities of separation but also for dif- 
ferent qualities of feed coal treated in the same 
plant. This ratio, multiplied by 100, directly repre- 
sents the inefficiency of the plant. When the plant 
inefficiency value is subtracted from 100, the re- 
sult is designated as sharpness index. 

Evaluating the Sharpness Index: The method of 
evaluating the sharpness index is explained here 
with reference to Fig. 1. 

Fig. 1 is a reproduction of the familiar diagram 
used by Cerchar of France to represent the ineffi- 
ciency of a separation in terms of “triangle of er- 
rors,” which is a measure of organic loss. It will be 
observed that the characteristic (yield/fractional 
ash) curve of the raw coal represented by GHAPR 
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Table |. Efficiency Values of the Same Coal Cut At 
Different Densities in a 6-In. Cyclone Washer. Size 
Grading of Feed, 4-In. —36 Mesh BS. 


Table II. Efficiency Values of a Wemco H.M.S. Plant 
Treating Coals of Varying Qualities. Size Grading Of 
Feed, 2 In. —6 Mesh (Tyler) 


Test No. 1 2 3 4 5 

Specific gravity of suspension ey 1.285 1.194 1.268 1.230 
Specific gravity of separation 1.690 1.524 1.376 1.467 1.423 
Yield, pet, clean coal 86.3 66.0 21.4 51.6 37.6 
Near-gravity (0.10) materi- 

als, pet 9.5 49.1 51.0 59.2 60.9 
Probable error 0.039 0.040 0.034 0.028 0.025 
Imperfection value 0.057 0.076 0.090 0.060 0.059 
Error area 26.4 23.8 20.3 23.6 20.3 
Error index 31.0 40.8 40.9 50.7 53.6 
Sharpness index as proposed 

by G. G. Sarkar 97.22 97.62 97.65 96.63 97.03 
Anderson efficiency 96.7 91.8 90.3 87.2 86.5 
Fraser and Yancey recovery 

efficiency 98.1 94.3 68.3 89.8 81.5 


Fraser and 


Yancey Re- Sharpness 
Test covery Effi- Error Index as 
Source of Sample No. ciency, Pct Area Proposed 
ji 98.47 
Roslyn Cascade jig refuse 1 95.4 16 
Roslyn Cascade jig refuse j 2 98.4 ial 98.68 
Northwestern Improvemen 
Co., jig refuse ; 1 96.4 17 97.86 
Northwestern Improvemen 
Co., jig refuse 2 90.0 13 lee 
Black Diamond jig refuse ab 91.8 16 ioe 
Black Diamond jig refuse 2 99.5 17 98. 
Commercial Baum jig* 97.2 65 91.35 


* Calculated from data published in Ref. 10. 


and the curve of the washed coal represented by 
GHFJ run concurrently up to the point H, after 
which the deviations become progressively more 
prominent, reaching maximum for the points A and 
J. Both A and J lie on the straight line KSAJ that 
intersects the total floats curve at the point S. The 
intercepts OK or CS represent total recovery of 
washed coal. 

If the washing had been ideal, the two curves 
would have overlapped, and in the final stage J 
would have coincided with A. As it is, the coinci- 
dence in the upper part up to H indicates that for 
the lighter fractions of that range in the washed 
coal, the washing has been perfect, the imperfection 
being more pronounced in the zone of near-gravity 
materials. The same argument is true for the part 
of the characteristic curve RPTS, representing the 
refuse product, that coincides with the raw coal 
curve up to P and then deviates in the path PTS. 
The curve triangles of errors HFJA and STPA that 
are thus formed measure the inefficiency of washing 
and theoretically should be equal in area. It is al- 
ways advisable to take a mean of the two error 
areas in representing the inefficiency of a separation 
to minimize the effect of slight inaccuracies in plot- 
ting the curves.* Fig. 1 shows that the particular 


*It is well known that the area enclosed by the characteristic 
curve, the yield axis from the zero yield, and the horizontal axis 
through any desired point of recovery in yield, gives a direct meas- 
ure of ash units for that amount of yield.?7 Thus for a theoretical 
amount of float coal OK, the ash units are measured by the areas 
OGHAK. This area, when divided by OK, gives the ash percent 
of the float coal, as indicated by the point S on the total floats 
curve. In actual washing practice the area OGHJK is obtained, 
which includes also the excess ash units due to strays. When this 
area OGHJK is divided by OK, the result is the ash percent of the 
washed coal. It is obvious, therefore, that the total ash units added 
to the washed products must have escaped from the refuse side. 
The triangie of error STPA is thus a measure of the ash units lost 
and should necessarily be equal to HFJA. 


zone of ash units that is affected by misplacement 
is indicated by the limiting lines N,H PN,. The per- 
cent error (m) is thus expressed by the ratio 
¥% (area HAJ + area SPA) 


Area N,H PN, 
index is finally represented by (100—m). Occa- 
sionally there may be some difficulty in finding the 
exact location of the limiting lines, but this will be 
largely avoided if the curves or their particular 
portions are drawn on a magnified scale. 

Results Showing Sharpness Index of Some Pilot 
Washing Plants: Table I compares the values of 
efficiency coefficients from tests conducted in a 6-in. 
cyclone washer installed at the Fuel Research In- 
stitute, India, treating feed coal of identical quality 
and size (¥%4 in. —36 mesh) under similar operating 
conditions. In addition to the standard coefficients 
normally used to qualify the sharpness of separation 


x 100. The sharpness 
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the table includes values on error index as recently 
introduced by Needham and Norton* and values on 
washing efficiency calculated by Fraser and Yancey 
and Anderson formulas. The test results in Table I 
are arranged in order of increasing (+0.10) near- 
gravity materials. 

Table II shows comparative efficiency data’ of a 
30 x 24-in. Wemco pilot plant operating at the 
Northwest Experiment Station of the U. S. Bureau 
of Mines in Seattle. It is to be noted that feed to the 
Wemco plant was collected from the refuse products 
of jig washers installed at three different mines; 
consequently it varied in quality. 

Discussions of Sharpness Index Results: It is evi- 
dent from Table I that while the imperfection val- 
ues of the same washer vary from 0.057 to 0.090, 
the sharpness index values are fairly close, lying 
between 96.63 and 97.65 pct. Even error area figures 
appear to be far more consistent in comparison to 
error index, probable error, or imperfection values. 
It will also be observed from Table I that the An- 
derson efficiency values decrease with increasing 
amounts of +0.10 near-gravity materials and the 
Fraser and Yancey efficiency figures are directly 
proportional to the yield percent of the clean coal. 

Data in Table II show that the sharpness index 
values remain almost unaffected even with varying 
qualities of feed coal. Average value of sharpness 
index for the Wemco H.M.S. plant is 98.1 pet, hav- 
ing a mean deviation of only 0.33 pet from the indi- 
vidual figures. It stands to reason, however, that the 
sharpness index values of the same plant will vary 
with changes in throughput rate and viscosity of 
the medium. 

Limitations of Some Washing Efficiency Formulas: 
There have been many excellent reviews on wash- 
ing efficiency formulas commonly used in different 
countries.""" This review is restricted, therefore, 
to a brief discussion of the merits and limitations of 
these formulas and possible correlation between 
them. Certain improvements are suggested for 
adapting these existing formulas for wider use. 

With reference to the Fraser and Yancey formula, 
it has often been argued that even if the whole coal 
is passed through the washer and the entire quan- 
tity is recovered at the clean coal delivery end, the 
efficiency is 100 pct. Results of Table I also indicate 
that Fraser and Yancey efficiency is often a direct 
function of the clean coal recovery, which in reality 
is dictated by the cleaning characteristics of the raw 
coal. Moreover, the inherent limitation of this ex- 
pression, involving some arithmetical fallacy,’ is not 
to be ignored. It may sometimes be interpreted that 
the normal Fraser and Yancey values measure the 
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amount of coal lost in operation. But from the 
standpoint of the recovery of different products, the 
coal that is misplaced is not always lost; on the con- 
trary it may improve the quality of middlings. The 
washer is sometimes used merely to select coals into 
different grades. Apart from some of the hypo- 
thetical limitations cited above, the scope of the 
Fraser and Yancey formula can be extended. It is 
readily apparent that overall washing efficiency is a 
function of both recovery efficiency and reject effi- 
ciency. The expression of overall washing efficiency 
should incorporate both these factors. Reject effi- 
ciency is readily calculated from the ratio of weight 
of rejects actually produced to the weight of sinks 
or refuse theoretically recoverable with the same 
ash as that of the actual rejects. The overall effi- 


ciency is subsequently worked out by Eq. 1, as 
follows: 


Overall efficiency 
(Fraser and Yancey) 


Recovery efficiency < percent of cleans 
+ Rejects efficiency x percent of rejects 


100 [1] 

Anderson efficiency values, on the other hand, are 
considered to be quantitative, as they cannot fully 
express the quality of the products. It can be as- 
sumed that of some total misplaced materials (say 
7 pet), the sinks in the clean coal amount to 4 pct. 
But this figure will remain unchanged with 3 pct 
sinks in clean coal and 4 pct floats in refuse and will 
be unchanged for any other ratio of misplacement, 
as long as the total is 7. It is clear that the Anderson 
value cannot be a true measure of the impairment 
of yield or ash. It will be seen later that the Ander- 
son efficiency can be more correctly represented by 
introducing some qualitative factor. 

The ash error method widely used in the United 
Kingdom takes into account both qualitative and 
quantitative factors, but these do not permit satis- 
factory comparison between the efficiencies of a 
plant at different densities of cut or comparison of 
different types of coal treated by the same plant. 
Then again, an increase in the ash content of a clean 


product from 25.0 to 25.2 pet is not so serious as the 
corresponding increase from 5.0 to 5.2 pet. The in- 
accuracy in the former case may result from a sam- 
pling error rather than from faulty operation or 
structural defects of the plant. A better comparison 
between any two values may be obtained if ash 
error is expressed on a different basis, as follows: 


Overall washing efficiency (OE) 


Aca ~ Act 
Act 


Ara ~ Art 


= 100 — | 
Art 


x 
[2] 


x YC, + 


where Aca = Ash percent of the actual cleans. 

Act = Ash percent of the theoretical cleans corres- 
ponding to the yield percent of the actual 

Ara = Ash percent of the actual rejects. 

Art = Ash percent of the theoretical rejects corres- 
ponding to the yield percent of the actual 
rejects (Y7a). 


All the relevant values of Eq. 2 can be obtained 
from the total floats and total sinks curves of the 
reconstituted feed and from actual washery results. 
These efficiency values can also be evaluated graphi- 
cally from Fig. 1. 

One of the most rational approaches to evaluating 
washer efficiency has recently come from Vander- 
walt” of South Africa, who expresses cumulative 
yield and ash content, at any specific gravity of cut, 
in terms of area. Vanderwalt names these diagram 
areas quantity distribution and ash distribution. By 
interposing Tromp curves on these areas, it is pos- 
sible to obtain a clear picture of the nature of any 
separation and an accurate estimate of the quantity 
and quality of products. Efficiency values are easily 
derived from the associated diagrams. In evaluating 
efficiency, Vanderwalt takes into consideration both 
recovery efficiency and reject efficiency—overall 
efficiency is expressed as the product of the two. 
Obviously the expression involving this direct prod- 
uct has many shortcomings and may completely 
upset a washing result by considerably lowering the 
overall efficiency. It is probable that because of this 


Table Ill. Comparative Efficiency Figures Evaluated by Different Formulas 


I II IV Vil 
Fraser and Vanderwalt 
Yancey Efficiency Anderson Efficiency Efficiency Ash Error 
(a) (b) (a) (b) (¢) (a) (b) (a) (b) 
Vander- Vander- 
walt’s walt’s Sharpness 
Specific +0.10 Quantity Ash Index as 
Gravity Sp Gr Mate- Distri- Distri- Proposed 
Sample No. of Cut rials, Pct Usual Suggested Usual bution bution Usual Suggested Usual Suggested by Sarkar 
A. Laboratory-Scale Heavy Medium Cone Separator, Size of Coal Treated—%4 to %& In. 
CS-1 —1.424 —79.1 —92.2 93.5 89.4 94.8 94.5 89.2 94.5 0.3 98.5 97.2 
CS-2 —1.431 —78.2 —94.3 85.0 91.3 89.7 88.7 75.3 89.5 0.4 95.0 97.2 
CS-3 —1.548 —54.5 —96.5 96.6 92.5 90.9 89.8 80.5 89.7 0.3 98.7 98.9 
CS- —1.520 —52.1 —98.0 97.8 95.0 95.2 94.7 89.6 94.9 0.2 99.1 98.5 
B. Small Coal Jig Washer with Feldspar Bed, Size of Coal Treated—'% to 0 In. 
JF/la 1.625 10.2 95.7 90.9 91.5 91.9 87.4 — 49.4 85.8 0.9 92.5 95.1 
JF/1b 1.685 9.5 95.6 91.2 91.5 93.3 86.9 —60.1 85.5 1.0 94.5 94.0 
JF/2a 1.668 10.4 98.1 94.0 92.5 92.9 88.1 —66.1 88.9 0.6 95.4 95.6 
JF/2b >1.90 — 98.6 95.1 — 0.6 96.0 95.6 
JF/3a 1.730 3 99.3 97.3 98.0 97.2 94.8 69.5 94.7 0.2 98.4 96.5 
JF/3c >1.90 — 99.6 98.5 — 0.2 98.5 96.7 
C. Experimental Heavy Medium Separator with Angular Medium Inlet 
H.M.S.-1 1.456 79.7 80.9 81.3 717.9 78.8 79.9 58.4 17.2 1.1 94.3 94.9 
Size of Coal 
2 to % in. 
HMS.-2 1577 22.7 90.9 84.1 86.3 87.4 82.4 61.6 82.5 1.3 90.8 93.6 
Size of Coal 
1 to ¥ in. 
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limitation only, Vanderwalt’s method has not been 
favorably accepted so far in coal preparation prac- 
tice. In the author’s opinion, a fairer approach to 
this efficiency expression should be as follows: 


Recovery efficiency (Vander- 
walt) xX percent of cleans 
+ rejects efficiency (Vander- 
walt) x percent of rejects 


100 


Overall efficiency = 
[3] 


It is interesting to note in this connection that 
Anderson efficiency values can be directly evaluated 
from Vanderwalt’s yield distribution diagram. But 
a more logical procedure of calculating Anderson 
efficiency will be to deduce the corresponding figures 
from Vanderwalt’s ash distribution diagram. This 
new graphical method of Vanderwalt has other 
potentialities as well. When the Tromp distribution 
curve of any particular washer is available, the 
yield and ash of the products can be easily predicted 
by applying Vanderwalt’s method to any coal of 
known washability characteristics. The author is of 
the opinion that Vanderwalt’s diagrams may also be 
used in evaluating sharpness index with fair accu- 
racy. 

Comparative Results of Washing Efficiency, Eval- 
uated by Different Formulas: The various efficiency 
expressions discussed so far have been applied to a 
number of washing tests carried out at the Fuel Re- 
search Institute, India. Comparative results are 
summarized in Table III. The first series of these 
tests was performed in a laboratory unit heavy 
medium cone separator. Some efficiency figures on 
a feldspar jig, as shown in Table III, were obtained 
during performance tests on one of Acco’s small coal 
washers set up at Lodna (India). A third series of 
figures included in the same table denotes the effi- 
ciency values of an experimental heavy medium 
washer, presumed to operate with relatively low 
efficiency. Values of sharpness index for all the 
above units and their individual tests are indicated 
in the last column of Table III. In studying Table III 
it must be borne in mind that washability character- 
istics of samples used for the various tests were not 
always the same. 

Discussion of Washing Efficiency Results: It will 
be observed from a study of the Fraser and Yancey 
efficiency values in column IV(a), Table III, that 
for any single unit the efficiency usually rises with 
increasing densities of cut, that is, with increased 
recovery of clean coal. This effect has been more 
truly represented in Table I, the results of which 
relate to the same coal, separated at different densi- 
ties under similar operating conditions. Yancey and 
Geer’ obtained similar results while treating the 
same coal in the USBM pilot plant, at four specific 
gravities ranging from 1.39 to 1.72. Column IV(b) 
of Table III shows that the normal Fraser and Yancey 
values, when modified by incorporation of rejects 
efficiency factors, give a somewhat different ap- 
praisal of the overall washing operation. 

Column V(a) of Table III reveals that Anderson 
efficiency figures are directly related to the amount 
of near-gravity materials at the densities of cut. 
Theoretically the Anderson values in column V(b) 
evaluated from Vanderwalt’s quantity distribution 
curves should be identical to the figures in column 
V(a). With the single exception of the value for 
test No. CS_, the difference is scarcely more than 1 
or 2 pct. The higher value for test No. CS., or the 


1364—MINING ENGINEERING, DECEMBER 1957 


existing small differences for the other tests are 
explained by the fact that the entire quantity dis- 
tribution curve could not be constructed as float and 
sink tests of the raw coal, and its products had not 
been carried out beyond 1.30 to 1.80 sp gr. 

It is important to observe, however, that the 
Anderson efficiency values of column V(c), when 
corrected for misplacement of ash units, show a 
variation of 0.3 to 6.4 pct with respect to the cor- 
responding figures in column V(b). But a com- 
parison of the values of column V(c) with those of 
column V(b) reveals a striking resemblance. Thus 
the Anderson values, corrected for misplacement of 
ash units, and the Vanderwalt efficiency figures, 
calculated on the modified basis, are almost identical. 
The limitation of Vanderwalt’s original formula is 
evident from the unusually low efficiency figure of 
49.4 pct in column VI(a). 

Examination of the values in column VII(a) 
shows that although the criterion of ash error is of 
some general significance in qualifying a washing 
operation, it is not at all convenient for comparative 
purposes. On the other hand, efficiency values repre- 
sented in column VII(b) permit easy comparison of 
two or more washing operations. 

The sharpness index figures in column VIII, un- 
like all the washing efficiency values shown in 
columns IV through VII, are observed to be almost 
constant with respect to any single unit and are thus 
practically independent of the various specific gravi- 
ties of separation affected by that unit. It can be 
seen that the average sharpness index for the H.M.S. 
cone separator is 98.0 pct and the average deviation 
of the various figures from the mean value only 0.75 
pet. Similarly the average sharpness index and the 
average deviation of the small coal jig washer are 
95.6 and 0.68 pct respectively. Corresponding values 
for the experimental heavy medium washer are 94.3 
and 0.65 pct respectively. 


Conclusions 

On the basis of the present study, it may be con- 
cluded that there is no strict correlation between 
any two conventional criteria used to specify overall 
coal washing operation, except that the sequence of 
variation of efficiency values is largely maintained 
in some of the cases. 

Values of sharpness index as developed by the 
author are fairly independent of the densities of 
separation and of the characteristics of coal treated; 
hence they may be used to define the efficiency, or 
precision of separation, of any washer. Sharpness 
index is expressed on a percent basis in contrast to 
other related coefficients. 

With the modifications suggested, Vanderwalt’s 
efficiency equation is considered the most suitable 
for expressing the washing efficiency. Efficiency 
according to the modified Vanderwalt equation is 
the same as the Anderson efficiency, corrected for 
misplacement of ash units. 

It is left to the manufacturers, consumers, and 
coal preparation technologists of different countries 
to give a final verdict. As a preliminary step to- 
ward adoption of an international standard for de- 
fining coal washing performance, it is suggested that 
operational figures and analytical results from a 
large number of commercial installations be com- 
pared according to the procedure outlined in this 
article. 

Acknowledgments 

The author is much indebted to A. Lahiri and 

J. W. Whitaker for their keen interest and constant 


TRANSACTIONS AIME 


encouragement throughout the present study. He 
also expresses his warmest gratitude to H. F. Yancey 
and M. R. Geer for their generous assistance and 
useful suggestions. Lastly the author’s hearty thanks 
are due his colleagues of the coal washing section 
of the Fuel Research Institute, India, for carrying 
out a number of the calculations presented and for 
constructing relevant curves. 


References 


1H. F. Yancey and M. R. Geer: Efficiency and Sharpness of Sepa- 
pao Evaluating Coal-Washery Performance. AIME Trans., 1951, 
vo 

2J. W. Whitaker and G. G. Sarkar: Studies in Coal Washability. 
Studies 7, 8 and 9, F.R.I., India. 

3Fe. F. Pinado: Theory and Practice of the Tests Characterizing 
the Operation of Different Types of Coal Washers (Spanish). Insti- 
tute Nacional Del Carbon, Buletin Informotivo No. 8, 1953. 

4P. Belngow and M. Ulmo: Representation of Washing Results. 
Paper No. A3—First International Coal Preparation Conference, 
Paris, 1950. 

5 A. Terra: Significance of the Anamorphosed “Partition Curves” 
and the “E Cart Probable’’ in Washery Control, Paper No. C3—Sec- 
ond International Coal Preparation Congress, Essen, 1954. 


6H. F. Yancey and M. R. Geer: Some Practical Aspects of Ap- 
praising Coal-Washing Results, USBM, R. I. 5153, November 1955. 

7J. Whitaker and G. Sarkar: Studies in Coal Washa- 
DEN, Studies 1, 2, and 3, F.R.I., India. 

8L. W. Needham and R. M. Norton: Statements of Performance 
for Coal Preparation Plants. Paper No. C2—Second Coal Preparation 
Congress, Essen, 1956. 

9M. R. Geer, F. D. Fennessy, and H. F. Yancey: Recovery of 
Coal From Washery Refuse: Some Examples of the Effect of Con- 
tinuous Mining Machines on Preparation Problems. USBM R.I. 
5152, September 1955. 

10M. R. Geer and H. F. Yancey: Cleaning Characteristics and 
Tests of Montana Coal. USBM R.1. 5103, January 1955. 

1W. W. Anderson: Quantitative Efficiency of ‘Separation of Coal 
Seine Equipment. AIME Trans., 1950, vol. 187. 

122A. Ground and L. W. Needham: The Performance and Effi- 
ciency of British Coal Preparation Plants. Paper No. G4—First In- 
ternational Coal Preparation Conference, Paris, 1950. 

13R. M. Horsley and P. F. Whelan: The Representation of Coal 
Cleaning Results. CIMM, February 1955. 

14L. W. Needham: The Performance and Efficiency of Coal Prepa- 
ration Plant. Symposium on Coal Preparation, University of Leeds, 
November 1952. 

15J. Visman: Evaluating the Performance of a Cleaning Unit. 
MIninG ENGINEERING, October 1954. 

R. Lyons: Comparative of Coal Cleaning Equip- 
ment. Mrnine ENGINEERING, September 1952 

17P,. J. Vanderwalt: A Graphical Method for Assessing the Rela- 
tive Suitabilities of Coal Washing Processes from Float and Sink 
Data. Journal of the Chemical, Metallurgical, and Mining Society, 
South Africa, September 1949. 


Correlation of Contact Angles, Adsorption 


Density, Zeta Potentials, and Flotation Rate 


by D. W. Fuerstenau 


HE object of this article is to point out the ex- 

perimental relationship which exists among 
contact angle, adsorption density, zeta potential, 
and flotation rate data. In each of the experiments 
discussed in this article, the surface properties of 
quartz, as a function of pH, were measured in solu- 
tions to which constant quantities of dodecylam- 
monium acetate were added. Morrow’ and deBruyn”’ 
worked with solutions containing 4.08x10° moles 
per liter, whereas Fuerstenau® and Seele worked 
with solutions containing exactly 4x10~° moles per 
liter, but this difference is not significant. The pH of 
the solutions was regulated with HCI or NaOH in 
all cases. In each case, the addition of collector was 
constant, but the concentration of dodecylammo- 
nium ions decreased because of the formation of 
dodecylamine at higher pH values.” 

Contact Angles: Gaudin and Morrow’ presented 
data for the contact angle of quartz in solutions con- 
taining 4.08x10° moles of dodecylammonium acetate 
per liter between pH 2 and pH 10.15. Using the same 
captive bubble techniques, the writer measured con- 
tact angles on quartz in solutions containing 4x10” 
moles of dodecylammonium acetate per liter at pH 
values ranging from 9.9 to 13.2. Both sets of data are 
presented in Fig. 1, in which the contact angle in 
degrees is plotted as a function of the pH of the 
solution. From pH 2 to about 8, the contact angle 
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Fig. 1—Contact angle on quartz at 4 x 10° moles per liter 
dodecylammonium acetate addition as a function of pH. 
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Fig. 2—Adsorption density on quartz at 4 x 10° moles per 
liter dodecylammonium acetate addition as a function of pH. 


increases slightly with increased pH, but further 
increase in pH causes a sharp rise in the contact 
angle to a maximum of about 80°. At pH values 
above 11.6, the contact angle drops sharply, reach- 
ing zero by pH 12.6. 

Absorption Density: Using carbon-14 tracer tech- 
niques, deBruyn” measured the adsorption density 
of dodecylammonium ions on quartz as a function 
of pH in solutions containing 4.08x10° moles of do- 
decylammonium acetate per liter. These data which 
are plotted in Fig. 2, show that the adsorption den- 
sity increases slowly with increasing pH until the 
pH exceeds 8, after which the adsorption density 
increases markedly. According to deBruyn, a close- 
packed monolayer occurs when the adsorption den- 
sity is 7.1x10™ moles per sq cm. 

Zeta Potential: Using streaming potential tech- 
niques,”* the writer measured the zeta potential 
of quartz in solutions containing an addition of 
4x10” moles of dodecylammonium acetate per liter 
as a function of pH. The experimental data, which 
are presented in Fig. 3, show that increasing the pH 
from 4 to 9 causes ¢ to become more negative, reach- 
ing a maximum value at about pH 9. Between pH 
9 and 10 ¢ decreases sharply, until at the higher pH 
value it becomes positive. Further increase in pH 
then causes ¢ to become negative again. 

Flotation Rate: Seele studied the rate of flotation 
of quartz using the modified Hallimond flotation 
tube.” In this cell 1.80+0.04g of 48 to 65-mesh quartz 
was floated at the time necessary for recovery of 
about 85 pct under the optimum flotation conditions. 
This turned out to be 10-sec flotation at pH 10 with 
an addition of 4x10° moles of dodecylammonium 
acetate per liter. In these tests using a collector 
addition of 4x10° molar, recovery of quartz was 
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Fig. 3—Zeta potential of quartz at 4 x 10° moles per 
liter dodecylammonium acetate addition as a function of pH. 


determined as a function of pH for flotation periods 
of exactly 10 sec. The experimental data are pre- 
sented in Fig. 4, the recovery for a 10-sec flotation 
being plotted as a function of solution pH. It can be 
seen that the recovery increases rapidly as the pH 
exceeds 8, reaches a maximum of about 85 pct at 
pH 10, and then decreases to zero by pH 12.9. This 
curve is a measure of the relative flotation rate, 
using 100 as a basis. It should be pointed out that if 
a longer flotation time were used, this marked 
change in recovery naturally would not show up. 
Only by picking the time for optimum flotation is 
it possible to illustrate the effect of flotation rate. 

Correlation of Contact Angles, Adsorption Density, 
Zeta Potentials, and Flotation Rate: All four sets 
of data are plotted on an appropriate scale in Fig. 5. 
Using deBruyn’s value of 7.1x10~ moles of dodecyl- 
ammonium ions per sq cm as monolayer coverage, 
the adsorption density data were recalculated in 
terms of percentage of monolayer coverage. In Fig. 5, 
the recovery for a 10-sec flotation in percent, the 
contact angle in degrees, and the adsorption density 
in percentage of a monolayer are plotted on one 
scale. The zeta potential in millivolts is plotted on 
another scale. Observation of Fig. 5 shows that there 
is excellent correlation among these four surface 
and flotation phenomena obtained by four different 
investigators. 


Discussion of Results 


Increasing the alkalinity of the solutions with 
NaOH has a three-fold effect on the system: (1) the 
negative charge at the quartz surface is increased;° 
(2) the concentration of dodecylammonium ions in 
solution is decreased through the formation of do- 
decylamine molecules;* and (3) the concentration of 
sodium ions is increased. 

Two different mechanisms of collector ion ad- 
sorption are responsible for the shape of the curves 
presented in Figs. 1-5. The phenomena can be ex- 
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Fig. 4—Recovery of quartz under constant flotation condi- 
tions at 4 x 10° moles per liter dodecylammonium acetate 
addition as a function of pH. 


plained by briefly looking at the work that is re- 
quired to bring a collector ion from the bulk of the 
solution to a point at the interface. This work, wi, is 
given by 

Ww, = vie (Wi + G1) 


where v; is the valence of the ion, e is the electronic 
charge, w; is the potential at the point in question at 
the interface, and ¢,; is the adsorption potential that 
arises from association of hydrocarbon chains at the 
interface. Increasing the pH causes the adsorption to 
increase because the electrical potential 4; increases 
in absolute value. Once sufficient collector ions are 
adsorbed, van der Waals’ attraction between hydro- 
carbon chains becomes effective and this gives rise to 
the adsorption potential, ¢;. Since this phenomenon 
causes the adsorption of additional dodecylammo- 
nium ions, the surface would certainly become more 
hydrophobic, which would be reflected in the mag- 
nitude of the contact angle (Fig. 1) and the flotation 
rate (Fig. 4). At high pH values after sodium ions 
have displaced dodecylammonium ions, the surface 
would again be hydrophylic, the contact angle being 
zero. This suggests further proof that dodecylam- 
monium ions and not dodecylamine molecules act as 
the collecting agent. 

The curve representing the zeta potential as a 
function of pH of solutions containing 4x10~ moles 
of dodecylammonium acetate per liter is somewhat 
more complex, since potential measurements reflect 
the effect of all ions in the system. The zeta potential 
becomes increasingly negative as the pH is raised, 
since the concentration of the potential-determining 
anions is increased without changing the total ionic 
strength of the solution. However, once the ami- 
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Fig. 5—Correlation between contact angle, adsorption den- 
sity, zeta potential, and flotation recovery. 


nium ions begin to associate at the interface, they no 
longer act as monovalent ions but as multivalent 
counter ions that bring about a rapid reversal in the 
sign of ¢. The marked reversal of ¢ which a long- 
chained collector can cause is important in flotation, 
not the absolute magnitude or sign of ¢, because this 
phenomenon indicates the association of collector 
ions at the interface. In the case illustrated in Fig. 3, 
above pH 11 excess sodium ions displace adsorbed 
dodecylammonium ions and ¢ resumes the negative 
potential that is expected for a negatively charged 
solid surrounded by monovalent cations. 


Summary 


Surface phenomena that reflect conditions at the 
solid-liquid interface (adsorption density and zeta 
potential studies) can be correlated directly with 
surface phenomena that reflect conditions at the 
solid-liquid-gas interfaces (contact angle and flo- 
tation experiments). This refutes the common belief 
that adsorption and electrokinetic studies cannot be 
correlated directly with flotation because of the 
different interfaces involved. 
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Agglomeration Flotation 


Manganese Ore 


by Ellis H. Gates 


ENEFICIATION of the manganese oxide ores 

at Three Kids Mine near Henderson, Nev., has 
evolved over a period of years. Commercial applica- 
tion of the process is on a secure basis, and an effec- 
tive working hypothesis has been formulated to help 
solve the problems encountered in flotation. 

An outstanding difference between the Manganese 
Inc. operation and other flotation processes is the 
necessity for high recovery of slime mineral values. 
Part of the manganese minerals in the Three Kids 
ore deposit occurs as primary slime or as minerals 
that are easily slimed by grinding. High recovery of 
this slime portion is essential to an economic over- 
all manganese recovery. The aim of much of the re- 
search at Manganese Inc. was to recover these slimed 
and finely ground minerals by flotation. 

Early Agglomeration Processes: Tunbridge’ in 
1880, followed by Everson’ in 1886 and Cattermole® 
in 1904, discovered that under certain pulp con- 
ditions precious metals and_ sulfide minerals 
could be agglomerated if enough soap or oil 
were mixed into the pulp slurry. These agglomerated 
particles, which under ideal conditions ranged from 
1/16 to 1/4 in. diam, were recovered by screening, 
tabling, and hydraulic classification. Even flotation 
by air occluded in the agglomerate particles by 
vigorous stirring was suggested. Cattermole nearly 
succeeded in getting his process into commercial 
operation, but it was finally abandoned, presumably 
because he could not compete with the low reagent 
requirements of the new agitation froth process. 

Since Cattermole’s time Christensen in 1921, 
Borcherdt* in 1926, and Chapman and Littleford® in 
1934 have attempted to apply the principles of ag- 
glomeration. In the light of current research at 
Manganese Inc. on conditioning of pulp at high 
energy input levels, it is interesting to note the 
variety of equipment such as tumbling mills, mix- 
ing drums, and shakers described by Borcherdt in 
his patent to produce the agglomerated particles. 

Ore Characteristics: Manganese in the Three Kids 
ore occurs as a complex mixture of manganese ox- 
ides commonly known as wad. The manganese min- 
erals have been identified as psilomelane, hollandite, 
coronadite, and pyrolusite with minor amounts of 
rhodonite and rhodochrosite. The principal gangue 
minerals are quartz, opal, kaolinite, montmoril- 
lonite, calcite, gypsum, celestite, and barite. Most 
of the manganese ore minerals are either porous 
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Fig. 1—Agglomerate particles of manganese flotation con- 


centrate showing dense, compact structure and size uni- 
formity. 


and sponge-like in structure or soft clay-like 
masses composed of fine grained mineral particles 
approaching the size range of colloids. Consequently 
the ore minerals from the Three Kids mine have 
relatively large surface areas and high void content 
per unit weight. The specific area of various manga- 
nese ore samples measured at the California Re- 
search Corp. laboratories ranged from 32 to 58 sq m 
per g. The great surface area and high void content 
explains in part the unusually high reagent con- 
sumption required in the treatment of this ore. 

Current Milling Practice: At Henderson’ the ore is 
crushed to —1 in. and ground with rod mills in a 
closed circuit with spiral rake classifiers and cy- 
clones. Sulfur dioxide solution is added to the pulp 
as it leaves the grinding circuit, immediately fol- 
lowed by addition of a reagent mixture of soap, oil, 
and wetting agent in the form of an emulsion. The 
reagents are initially well mixed into the pulp 
during their passage through centrifugal pumps to 
the conditioning equipment. 

All reagents are added prior to conditioning. The 
intense conditioning or mechanical stirring of the 
pulp, in which large amounts of power are con- 
sumed, is the principal difference between the flow- 
sheet used at Manganese Inc. and a standard flota- 
tion circuit. As much as 38 kw-hr of energy per dry 
short ton of ore in a pulp containing 18 to 23 pct 
solids is used for conditioning. 

After conditioning, the pulp passes to a flotation 
circuit that consists of one roughing stage, a scav- 
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Fig. 2—Heavily laden froth of agglomerated manganese at 
the final cleaner cells. 


enging stage, and four cleaning stages. The manga- 
nese is recovered by filtration as a finely granulated 
concentrate of agglomerated manganese mineral 
particles which is sintered and nodulized for ship- 
ment in the subsequent kiln operation.’ 

Concept of Agglomeration Flotation: Many tenta- 
tive explanations have been made as to the mech- 
anism in beneficiating wad ores from the Three Kids 
mine. Conditioning was known to be important, but 
it was not clear to what extent, or how its effect 
could be measured. To the author’s knowledge, 
A. W. Fahrenwald® in 1955 was the first to apply 
quantitative energy measurement and watt-minutes 
and the first to correlate this work input to manga- 
nese recovery. Because of factors not understood at 
that time, the effect of conditioning on flotation was 
considered temperamental and critical. Control of 
results was difficult. The following postulated mech- 
anism of agglomeration flotation is the best explana- 
tion found at present for the data that have been 
accumulated. It has been a valuable aid in perfect- 
ing the milling operation at Henderson. 

In the agglomeration flotation process the first 
reagent added is sulfur dioxide, which reacts with 
the ore minerals to form manganese ions in the pulp. 
It is assumed that these ions are adsorbed on the 
manganese minerals, forming active surfaces for re- 
action with the soap component of the emulsion. 
The role that hydrogen ion concentration plays in 
this activation mechanism is not yet well defined. 
Manganese minerals have been activated and 
floated over wide pH ranges under various test 
conditions. The emulsion, which is added after the 
sulfur dioxide, is composed of tall oil soap skim- 
mings, petroleum oil, a petroleum sulfonate wetting 
agent, and water. These reagents are emulsified for 
convenience in proportioning, handling, and meter- 
ing into the pulp. While the manganese can be 
floated by adding the reagents separately, they are 


TRANSACTIONS AIME 


more effectively utilized when dispersed in the 
emulsion form. When the emulsion is added to the 
pulp, the soap is withdrawn from solution and pre- 
cipitated on the activated surfaces of the manga- 
nese minerals as insoluble manganese soap mol- 
ecules. These attached molecules are presumably 
oriented with their hydrocarbon chains outward. Re- 
moval of the soluble soap tends to produce an emul- 
sion break, which frees the oil to coalesce and film 
the manganese minerals by preferentially wetting 
the fatty acid covered surfaces.” 

Mechanical energy is then applied to the pulp by 
vigorous agitation in conditioning tanks. The absorp- 
tion of this energy by the pulp induces a random 
motion to the suspended oil-filmed manganese par- 
ticles which apparently allows these particles to 
collide with others, and dense agglomerate parti- 
cles are built by fusion of the oil films. In addition 
to the possible formation of manganese agglomer- 
ates by impact, the reagents used also produce a 
tendency for manganese flocculation to take place. 
This alone does not produce a clean, well mineral- 
ized froth, but the kneading action of these low den- 
sity, weakly bonded flocs appears to consolidate 
them into dense agglomerates that make possible 
the heavy granular froth loads required for effec- 
tive flotation. The sulfonate component of the emul- 
sion controls the size and density of these agglom- 
erate particles, presumably by modifying the surface 
energies at the water and oil interfaces. The uni- 
formity in size of these agglomerates is shown in 
Fig. 1, a micrograph of manganese concentrates. 
Characteristic froth on the cleaner cells bearing the 
agglomerated particles is shown in Fig. 2. This froth 
is so heavily laden with the dense agglomerates that 
it splashes audibly when it strikes the launder as 
it is paddled from the lips of the cells. 

For convenience, the conditioning energy input 
has been measured in kilowatt-hours per dry short 
ton at a specified pulp density. Tests indicate that 
within the limits of pulp fluidity the conditioning en- 
ergy may be more effectively utilized as the percent 
solids of the pulp increases. The optimum amount 
of energy needed for any particular ore appears to 
depend on the number, size, and physical charac- 
teristics of mineral particles per unit volume of 
pulp, the viscosity of the pulp, and, to a small ex- 
tent, on deviations from the optimum amount and 
composition of emulsion added. 

Manganese Activators and Emulsion Composition: 
According to the proposed explanation of the phe- 
nomenon of manganese mineral activation, manga- 
nese ions in the pulp solution are directly responsi- 
ble. Sulfur dioxide is a convenient way to introduce 
these ions into a pulp by taking manganese oxides 
into solution. A chemical equivalent amount of man- 
ganese sulfate will serve as an activator almost as 
well. Other heavy metal ions such as copper, iron, 
and lead also act as activators with varying degrees 
of effectiveness. 

Tall oil soap skimmings, a byproduct of the pulp 
paper industry, is one of the three emulsion constit- 
uents. The active components of the soap skim- 
mings are fatty acid and rosin acid sodium soaps. Of 
these two types of compounds, the fatty acids, which 
in tall oils are chiefly oleic and linoleic acid, are 
found to be considerably more effective as collec- 
tors. The second constituent of the reagent emulsion 
is a light-weight petroleum mixture of gas oil and 
diesel fuel. Other hydrocarbon oil products can be 
used instead, but availability, ease in handling, and 
low cost give preference to this product. The third 
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Fig. 3 (above)—Flowsheet showing distribution of 2300 hp in 
the conditioning circuit and the points at which samples are 
taken to test conditioning effects. Fig. 4 (right)—Conditioner 
design as developed at Manganese Inc. 


constituent of the reagent emulsion is a surface- 
active, detergent type of sulfonate. A number of 
the oil and water-soluble sulfonates will serve when 
used in proper proportions. The sodium alkyl aryl 
sulfonate commercially known as Oronite slurry, 
containing 43 pct active ingredient, is used at Man- 
ganese Inc. because it is water-soluble, readily avail- 
able, and comparatively inexpensive. 

To obtain optimum metallurgical results, amounts 
of these reagents, and hence the composition of the 
emulsion, are varied with changes in reagent re- 
quirements of the ores. The emulsion used in the 
mill circuit contains about 20 pct total active in- 
gredients and 80 pct water. These emulsions are not 
stable and must be agitated continuously, but they 
do serve to disperse the reagents throughout the ore 
pulp. The reagent requirements for the various types 
of ore from the Three Kids mine vary from 25 to 
40 lb of soap (dry weight), 120 to 180 lb of petro- 
leum oil, and 5 to 10 1b of Oronite (dry weight) per 
ton of ore. About 8.5 lb of sulfur dioxide are re- 
quired for adequate activation of the manganese. 
Because of the porosity, fine particle sizes, and 
amount of manganese oxide minerals to be floated, 
the amount of reagent used is not as surprising as 
it first seems. 

Measurement and Application of Conditioning 
Energy: There are considerable differences in the 
conditioning requirements for the various types of 
Three Kids ore—freshly mined, weathered, well 
consolidated or crystalline, and microcrystalline and 
clay-like ore. Conditioning requirements vary from 
100 kw-hr or more per dry short ton for the fresh- 
ly mined clay-like ore to only a few kilowatt-hours 
per ton for ore composed mainly of the crystalline- 
type minerals. These differences in conditioning re- 
quirements may have caused some of the earlier un- 
certainties and differences of opinion about the 
significance of conditioning. 

Since the higher amount of conditioning required 
by some of the ores would have been impractical, a 
compromise was made by blending these with ores 
requiring less conditioning so that acceptable flota- 
tion could be obtained with the facilities available. 
This blend insured a well mineralized froth and good 
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flotation action, with a minimum sacrifice of slimed 
manganese minerals that had not been fully condi- 
tioned. The energy input currently furnished at the 
Henderson concentrator for conditioning is about 
38 kw-hr per dry short ton, or a total of about 2300 
hp to treat a daily mill feed of 1100 tons. The flow- 
sheet, Fig. 3, shows the distribution of this power to 
the conditioning circuit. 

When it was suspected that the various ores from 
the Three Kids deposit did not necessarily require 
the same conditioning for optimum metallurgical 
results, laboratory and full-scale test procedures 
were devised to evaluate the conditioning effect. In 
the laboratory the procedure was simply to condi- 
tion for various periods of time a standard volume 
of pulp at a fixed pulp density in a Fagergren-type 
cell operating at constant speed. After conditioning, 
the flotation test was completed by a standardized 
procedure. The conditioning effect was then evalu- 
ated by plotting manganese recovery against condi- 
tioning time. 

A correlation of conditioning time in the labora- 
tory cell with work input in full-scale equipment 
was made by comparing the laboratory results with 
those obtained using a 6-ft diam batch conditioning 
tank holding 50 cu ft of mill pulp. This tank was 
equipped with baffles, a 30-hp motor, V-belt drive, 
and shaft upon which variously designed turbine- 
type impellers could be tested. To extend the test 
data, the motor was operated at overload from 30 to 
50 hp as calculated from ampere and voltage read- 
ings. The drive was fitted with turbine impellers of 
widely varying diameters but proportioned to trans- 
mit the required power to the pulp. 

With this equipment the mill pulp with reagents 
added could be agitated under full-scale operating 
conditions at various rates of energy input and at 
various impeller peripheral velocities. At timed in- 
tervals throughout a test run, samples of pulp would 
be dipped from the conditioning tank and floated in 
the laboratory according to the standardized proce- 
dure. Curves showing the relationship of work in- 
put (kw-hr/dst) and manganese recoveries could - 
then be plotted, and from these curves the optimum 
amounts of conditioning could be determined. A 
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comparison of the curves for the full-scale condi- 
tioning tests with the curves produced by labora- 
tory conditioning of samples cut from the same pulp 
allowed correlation of the laboratory work to full- 
scale operations. Such a correlation provided a valu- 
able tool in the overall evaluation of manganese ore 
amenabilities by laboratory procedures. 

An unanticipated result of the large-scale test 
work was the discovery that the amount of mechan- 
ical energy put into the pulp was the important 
factor in the conditioning effect, and not the rate or 
the manner in which it was applied to the pulp. 
Within the limitations of the equipment used, no 
measurable difference in conditioning action could be 
detected between applying a little power for a long 
time or a lot of power for a short time. Also, neither 
the shape of the impeller nor its peripheral velocity 
up to 2650 fpm, the highest speed tested, had a 
measurable effect provided that the impeller was 
shaped to transmit the mechanical work into the 
pulp. 

The large amount of work applied to the pulp in 
the mill circuit naturally raises pulp temperature. 
This temperature rise, about 14°F, seems to have a 
beneficial effect, which is probably the result of the 
lower pulp viscosity at the higher temperature. 

Research showed that to condition a large part of 
the future mill feed adequately it would be neces- 
sary to add 20 conditioning tanks, each powered 
with a 50-hp motor. After this additional capacity 
was installed (Figs. 4 and 5) samples were taken 
throughout the conditioning circuit at points shown 
on the flowsheet to evaluate the actual effect on 
manganese recoveries for the various mill feeds. The 
input of kilowatt-hours per dry short ton for each 
of the pulp samples was computed from pulp flow 
and the sum of the applied power in the condition- 
ing circuit to the point where the samples were 
taken. The samples then were floated in the labora- 
tory according to the standardized procedure. From 
these flotation test results, the recovery in percent 
manganese was plotted against the calculated condi- 
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Fig. 6—Typical conditioning curve showing the progressive 
effect on manganese recovery of increasing input of con- 
ditioning energy to the pulp. 


tioning energy input for each sample. Fig. 6, a typi- 
cal curve, gives a clear picture of the progressive 
conditioning action throughout the circuit. The op- 
timum energy required for this particular mill feed 
was about 31 kw-hr/dst in a pulp containing 18 pct 
solids. In this case, the energy put out by the mill 
conditioners exceeded the conditioning requirements 
of this mill feed by 7 kw-hr/dst. 

Effect of Grind and Reagent Amounts on Condi- 
tioning Requirements and Recovery: From the ex- 
planation of the mechanism of conditioning action 
it was postulated that the fineness of grind directly 
affected conditioning requirements of an ore pulp. 
Experiments indicated that the finer the grind, the 


Fig. 5—Primary conditioning circuit showing 20 conditioners haying a total energy input of 1000 connected horsepower. 
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more conditioning was required for optimum man- 
ganese recovery. Presumably this effect is caused 
by the increased number of particles in the finer 
ground pulp to be agglomerated per unit weight of 
solids. To some extent, an increase in the amount of 
reagent compensates for a deficiency of condition- 
ing. This effect is more pronounced with some Three 
Kids ore types than with others. Apparently it is 
a mass effect of excess reagent. Within limits, more 
reagent will give a better recovery, but more in- 
soluble gangue will be recovered with the concen- 
trate. In full-scale plant operation, the amount of 
reagent must be controlled within narrow limits to 
maintain a manageable froth. A fine grind is de- 
sirable from the standpoint of silica liberation from 
middling particles; therefore there is better man- 
ganese recovery in a concentrate containing the 
maximum allowable silica. This desirability is bal- 
anced with increased conditioning costs and in- 
creased amount of reagents to film the additional 
surface area resulting from the finer grind. 


Acknowledgment 
The combination of reagents that successfully 
floated the wad ores was devised by R. Lord. S. J. 


McCarroll emphasized the importance of establish- 
ing a relationship of power, motion, dilution, and 
particle size to eliminate the uncertainties of man- 
ganese oxide flotation. A. W. Fahrenwald’s work at 
Three Kids included measurements of energy input 
to condition pulp for better manganese recoveries. 
The author is indebted to S. J. McCarroll of Haile 
Mines, formerly of Manganese Inc., who encouraged 
the preparation of this article. R. A. Hardy, vice 
president and general manager, and J. S. Anderson, 
general superintendent of Manganese Inc., have 
been most helpful in their criticism and suggestions. 
J. McManus and R. Wigglesworth of the metallurgi- 
cal staff have contributed much to the better under- 
standing of the agglomeration flotation process. 


References 

1U. S. Pat. 228,004 (1880). 

2U. S. Pat. 348,157 (1886). 

3U. S. Pat. 763,259; 763,260; 777,273; 777,274 (1904). 

£U. S. Pat. 1,585,755 (1926). 

5U. S. Pat. 1,968,008 (1934). 

6S. J. McCarroll: Upgrading Manganese Ore. AIME Trans., 1954, 
vol. 199. 


7W. L. Kendrick: Nodulizing Practice at Manganese Inc. AIME 
Trans., 1955, vol. 202. 

8A. W. Fahrenwald: Emulsion Flotation. Paper presented at 
American Mining Congress, Los Angeles, October 1956. : : 

9A. F. Taggart: Carboxylic Collectors, Use of Neutral Oils with 
Soap. In Handbook of Mineral Dressing, 1945 ed., section 125-p. As: 


Comminution Exposure Constant by the 


Third Theory 


by Fred C. Bond 


I crushing and grinding the larger particles are 
more exposed to the work input. They absorb most 
of the work and protect the smaller neighboring par- 
ticles from destructive contact with the crushing 
surfaces or grinding media. The importance of this 
exposure differential upon the reduction efficiency 
and product size distribution has long been recog- 
nized. Unfortunately, there has heretofore been no 
direct method of evaluating it, and such indirect 
methods as observing the slope of the plotted prod- 
uct size distribution line have been used as an in- 
dication. 

In this presentation the Third Theory of Commin- 
ution’ has been used, together with the exponential 
formula for size distribution, to evaluate the ex- 
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posure ratio and exposure constant and to illustrate 
examples of their utility in crushing and grinding 
applications. 

The exposure ratio Er varies from zero to unity. 
It is zero when the product particles are all of one 
size, and it is unity when the work input has been 
equally distributed among all particle sizes. It can 
readily be found from screen analyses plotted ac- 
cording to the Third Theory. 

The exposure constant K is derived from the re- 
ciprocal of the exposure ratio Er. It permits more 
consistent predictions of size distributions and eval- 
uation of many factors concerned in size reduction 
operations. 

The Third Theory* states that the specific work 
input required for size reduction is inversely propor- 
tional to the square root of the product size less the 
work required to form the feed. When P represents 
the diameter in microns which 80 pct of the product 
passes, F is the size 80 pct of the feed passes, Wi 
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is the work index, or the kilowatt-hours per short 
ton required to reduce from theoretically infinite 
size to 80 pct passing 100u, and W represents the 
kilowatt-hours required per ton, then 


10Wit 10Wi 

This is the mathematical statement of the Third 
Theory; any one of the four quantities concerned 


can be found from it when the other three are 
known. 


When a particle of rock is subjected to rapid or 
slow compression, its shape is deformed and it ab- 
sorbs strain energy. When the rock is locally strained 
beyond its breaking strength, a crack tip forms, the 
surrounding strain energy flows to the crack tip, the 
rapid redistribution of energy causes other cracks 
to form, and the rock breaks with release of the 
absorbed strain energy as heat. The first crack tip 
usually is formed by the rock pulling apart under 
tension or shear just outside the area under com- 
pressive contact. According to the Third Theory, the 
work done is proportional to the length of the crack 
tips formed, which is proportional to the square 
root of the new surface area produced. 

Data which confirm the Third Theory have re- 
cently been published in Germany.’ Four cement 
clinkers in particles ranging from 750 to 1000u were 
ground with precise successive work input and sur- 
face area measurements. When the work input in 
kilowatt-hours per ton was plotted against the prod- 
uct surface area in square centimeters per gram, 
curved lines resulted, but when the work input is 
plotted against the square root of the product sur- 
face area, the resulting lines are straight after the 
closely sized feed particles have been sufficiently 
broken to provide feed with a natural size distribu- 
tion. 

A. F. Taggart selected 80 pct passing size as a 
practical criterion of the size of a crushed or ground 
product.*® When the percent weight passing is plotted 
against the particle size on log-log paper, the re- 
sulting power law distribution line is usually only 
slightly curved at less than 80 pct passing and is 
usually considerably curved above that size. It is a 
very practical selection, since most size reduction 
operations are principally concerned with the size 
of the larger particles, and at 80 pct passing the 
amount retained is enough to insure accurate size 
analyses in this range. It requires modification when 
the natural size distribution is disturbed by removal 
or addition of fines. 


Rocks and many other materials apparently have 
a mosaic framework, the regular lattice structure 
being divided by zones of weakness into mosaic 
blocks of about colloidal dimensions, and in ordi- 
nary grinding failure occurs along these faces. Fine 
mineral filaments without the mosaic structure, such 
as asbestos fibers, are known to have several times 
the specific tensile strength of larger sections, and 
reduction below the mosaic size probably requires a 
large increase in work input, so that ordinary re- 
duction is effectively terminated at this size. This 
mosaic size is called the grind limit, and in this ar- 
ticle it represents a diameter of 0.69, or 13.5 sieve 


spaces below 200 mesh on the standard \/2 screen 
scale. 


W= 


[1] 
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Fig. I—Log-log plot of Third Theory size distribution. 


The grind limit probably represents an average 
size rather than an exact one. There is probably a 
decrease in the amount of particle sizes above the 
grind limit which is balanced by some particles pres- 
ent below the grind limit size. However, an extreme- 
ly large increase in the specific work input is re- 
quired to reduce most of the particles below this 
size. This distribution has been observed* in the 
breakage of neat cement cubes, which should be 
homogeneous. 

In this presentation three classes of symbols are 
used: lower-case single letters, upper-case single 
letters, and compound symbols consisting of an 
upper-case letter followed by one or more lower- 
case letters. They are distinguished by the sequence 
rule; in every term lower-case single letters are 
written first, followed by the upper-case single let- 
ters, and the compound symbols are written last. 

Size Reduction: The evidence indicates that rock 
breakage is an exponential type of process.* Both re- 
duction and size distribution of homogeneous mate- 
rials can be plotted according to the Third Theory 
on semi-log paper to yield straight lines, whereas 
all other known theories and types of equation plot- 
ting apparently result in lines which are more or 
less curved. The exponential type equation 


y = b/e™ [2] 


has accordingly been used in conjunction with the 
Third Theory in this article to explain certain com- 
minution phenomena. The exponential treatment 
reveals certain phases of the comminution process 
which remain obscure under the usual power law 
treatment. 

An exponential function was applied to the size 
distribution of comminution products by Rosin and 
Rammler,*® independently of the work input. Their 
plotted curves appeared more nearly straight than 
those of the power function applied by Gaudin® and 
Schuhmann,’ especially in the size region which 
more than 80 pct passes. However, the plots of ex- 
perimentally determined regular size distributions 
remained substantially and systematically curved 
until the Third Theory work input was combined 
with the exponential function. 

Fig. 1, the reduction process chart according to the 
Third Theory, is plotted on semi-log paper. y, the 
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percent cumulative retained on any mesh size open- 
ing, is plotted on the logarithmic vertical scale, and 
x, the work input, is plotted on the linear horizontal 
scale. 

A family of straight lines radiating from y = 100 
pet cumulative retained at zero work input repre- 
sents the reduction of the different mesh sizes, and 
also the size distribution when the exposure ratio Er 
is zero. One line is drawn for each mesh size on the 


standard \/2 sereen scale. The base line of y = 20 
corresponds to 80 pct passing. The Third Theory re- 
quires that each mesh size line intersect the base line 
y = 20 at successive increments which increase as 
the fourth root of 2. For instance, the distance be- 
tween the 4 mesh and 6 mesh intersections is exactly 
half that between 14 mesh and 20 mesh, which is 
four spaces distant. 

A set of four different reduction charts on com- 
mercial letter size graph paper with a vertical two- 
cycle logarithmic scale extending from 1 to 100 pct 
cumulative retained on, and a horizontal linear 
scale 7 in. long with different scale divisions, should 
be sufficient for nearly all purposes. Suggested 
ranges of the work input values W on the horizontal 
scale for the four charts are: 


Chart No. Range Use 
0 to 0.14 Crushing 
2 0 to 0.56 Coarse grinding 
3 0 to 1.40 Medium grinding 
4 0 to 5.60 Fine grinding 


The scale of Fig. 1 corresponds approximately to 
chart No. 2. 

When Wt represents the total work input in kilo- 
watt-hours per short ton from theoretically infinite 
feed size, and when w is the work input plotted 
along the base line y = 20, then 


w= Wt/Wi [3] 


The size P in microns which 80 pet passes accord- 
ing to the Third Theory is found from 


[4] 
and w= 10/\/P [5] 


When w = 1 a total of one work index kilowatt- 
hours per ton has been applied to the rock, and P = 
100u. The successive stages of a reduction process 
can be represented by a series of points plotted 
along the base line y = 20. 

The family of reduction lines is represented by the 
exponential equation 


y = 100/e* = 100/1.74xvP_ [6] 


and when x= w with y = 20 at 80 pct passing, a 
can be found from 


a = 1.610/w= 0.1610\/P_ [7] 
2— logy 

= — [8] 
0.0699 \/P 


The size reduction values of y for various fractions 
of the work input are useful in plotting the size re- 
duction charts. They are listed in Table I. 

The intersection w of each mesh size line with 
the base line is found from Eq. 5, with P equal to 
the opening of the sieve in microns. Each mesh line 
is drawn straight through its intersection w with 


1374—MINING ENGINEERING, DECEMBER 1957 


0.69 
18.6 
SSS 
\ 270 
200 
40 150 
Se 100 
30 
\ LINE 
i \ ES 35 
20 
5 


O04 0.2 0.3 0.4 0.5 0.6 
X = KILOWATT-HOURS PER TON WORK INPUT 


Fig. 2—Third Theory size reduction chart. 


the base line to the upper left-hand corner of the 
chart. When the mesh size lines do not intersect the 
base line y = 20 the value of w/2 can be plotted on 
y = 44.72; w/4 can be plotted on y = 66.87; and so 
on, as shown in Table I. 

Size Distribution and Exposure Ratio: The size 
distribution of any comminution product is repre- 
sented by a line drawn across the Third Theory size 
reduction chart, intercepting the 80 pct passing base 
line at w, the total work applied to the product, 
and ending at the grind limit of 0.694, as shown in 
Fig. 1. The work-size distribution line is normally 
straight for the homogeneous materials and follows 
the exponential type Eq. 2 when extended beyond 
the grind limit to intercept the 100 pet retained line 
at X, and the y axis at b. 

The location of the straight work-size distribution 
line on the size reduction chart is determined by its 
intercept w on the base line and its intercept X, with 
the y = 100 line at the top of the chart. The expo- 
sure ratio Er is found from 


Er = X./w [9] 


The exponential size distribution equation of the 
work-size line is defined by evaluating the con- 


Table |. Percent Cumulative 


Work Product Size 
Input On Passing (oy = 1) 
(X) (yu) (100-y) (P) 
2w 4.00 96.00 25 
w 20.00 80.00 100 
w/2 44.72 55.28 400 
w/4 66.87 33.13 1600 
81.78 18.22 6400 
w/16 90.43 9.57 25600 

0 100.00 0 00 
(-w/4) (149.53) 
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stants b and a in the Eq. 2 type of equation, 
(y = b/e*), using Eqs. 10, 11, and 12. 

It can be shown by similar triangles that the y 
intercept b is determined by the exposure ratio Er 
alone, from the equation 


i 2— 1.301 Er 
= 
1— Er [10] 
Since x = w when y = 20, it follows that 
a = 2.303 (log b — 1.301) /w eee 
a = 0.2303 \/P (log b — 1.301) [12] 
log b — lo 10 
log b — 1.301 ee 
Where d is any micron size 
~2—dlogy 
= — [14] 
0.0699x 


Where y is the percent cumulative retained on any 
micron size d 


_ 2(log b — 1.301) \/P — log b (0.699\/d) 
(loeb — 1.301) — 0.699\/d 


log y 


The percent weight retained on each screen size 
can be found from Eq. 15, from which the Third 
Theory crack length and surface area can be calcu- 
lated. One cubie centimeter of solids in particles 
of d microns diameter will have a crack length of 


\/30,000/d centimeters, assuming equivalent cubes. 
The surface area is twice the crack length squared. 

When a equals 5 the Schuhmann’ log-log slope m 
is 1/2, and under the Third Theory each sieve size 
fraction has received equal work input. In an aver- 
age open circuit product this occurs when 80 pct 
passes about 48 mesh, with P = 297, w = 0.581, and 
Er = 0.444. 

The increased exposure of the larger particles to 
the work applied constitutes one of the basic phe- 
nomena of comminution, and the Third Theory size 
reduction chart permits its evaluation for the first 
time. In practically all size reduction processes, 
the larger particles are more exposed to the applied 
work and absorb most of it while protecting the 
neighboring smaller particles; this causes the plotted 
work-size distribution lines to slope downward to 
the right. 

If all the particle sizes present were equally ex- 
posed and equal weights absorbed equal shares of 
the total work applied, then according to the Third 
Theory the resulting work-size distribution would 
be represented by the vertical lines x = w, and the 
exposure ratio Er would equal unity. If the product 
consisted of particles all of one size, the work-size 
lines would parallel a size reduction line, and Er 
would equal zero. As Er decreases from 1 to 0, the 
work index Wi decreases, the relative exposure of 
the finer sizes decreases, the Schuhmann slope m 
increases, and the relative efficiency of grinding for 
unlocking increases. 

The Third Theory exponential method of plotting 
the work-size distribution line requires specially 
prepared size reduction charts, but it has many ad- 
vantages. It defines Wt/Wi by Eq. 3. It is most 
accurate in the large particle size portion of the 
sample, which is the most important region in near- 
ly all reduction operations and is precisely where 
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Fig. 3—Exposure constant chart. 


the log-log power law plots are the least accurate. 
For example, if the only information supplied is 
that a material has 90 pct passing a given mesh size, 
a more accurate estimate of the size 80 pct passes 
and of its distribution on all sizes can be obtained 
than is possible on a log-log plot, which is confined 
and normally curved in this region. Any informa- 
tion available that would aid in estimating the 
value of the exposure constant K and the resulting 
exposure ratio Er increases the overall accuracy, as 
explained later. 

Any specific heterogeneities in a material, such as 
natural grain sizes, will cause the plotted work-size 
curve to depart from a straight line, as will any size 
selective action of the reduction machine such as 
oversize feed to a ball mill. However, if the applied 
law definitely results in a straight line for homo- 
geneous materials and homogeneous reduction, as 
the work-size plot appears to do, the deviations in 
any specific instance are more readily recognized 
and interpreted. 

When the work-size line is followed upward, if it 
curves to the right an excess at that size is indicated 
which may constitute a natural grain size; when it 
curves to the left a deficiency is indicated, which is 
extreme in a scalped or screened material and us- 
ually appears in a classifier sand. 

Many work-size lines continue straight to 70 to 
80 pct cumulative retained on, and then curve to 
the left, showing a deficiency in the finer sizes. In 
grinding mill products this can result from the 
absence of grinding balls small enough to reduce 
selectively only these sizes. 

Closed circuit operations tend to cause a deficiency 
at both ends of the product line, which may have a 
deficiency curve to the left, both at less than 10 pct 
cumulative retained and at above 70 pct retained. 

When the plotted line is appreciably curved for 
any reason, the estimated approximately equivalent 
straight line is drawn through the 20 and 45 pct 
cumulative retained on points, and the Er and K 
values are found from this equivalent straight line. 
The variations from the equivalent line show ex- 
cesses or deficiencies at these sizes. However, some 
distribution lines are so irregular that this rule does 
not apply. 
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The Exposure Constant K: As the product size 
decreases and the work input increases, the ex- 
posure ratio normally increases, probably because 
of the grind limit. If the material being reduced is 
homogeneous with no artificial removal or addition 
of fines, the increase is quite consistent. It has been 
found empirically from test results that Er is pro- 
portional to w°”* so that 


Er = 7/K = 1535/P [16] 
where K is a quantity called the exposure constant, 
and 

1.585 


Er Xe [17] 


The relationship between the value 5 of a for 
equal work-inputs to all sieve sizes and the expo- 
nent 1/5 of w in Eq. 16 has not been explored 
mathematically. 

The value of K for any values Er and w can be 
found graphically from Fig. 2. It can be drawn on 
single cycle log-log paper from Eq. 17. 

Fig. 3 was constructed to show the relationship 
between the log-log power law plot and the Third 
Theory exponential plot. The average open-circuit 
exposure constant value of 2.00 was used, and 
straight lines were drawn on the exponential plot 
with 80 pct passing each mesh size on the \/2 
screen scale. Then Fig. 3 was made by transferring 
each mesh size line to the log-log plot. The result is 
almost identical with an average open-circuit log- 
log distribution plot constructed empirically some 
years ago. The curvature above the 80 pct passing 
size is very similar, the only substantial difference 
being the slight curvature in the region below about 
15 pet passing. In the empirical plot this portion of 
each line was assumed to be straight, and to con- 
form to the power law, but actual screen analyses 
seem to agree more closely with Fig. 3. 

When Er is 0.444 each standard scale sieve size 
fraction has absorbed the same amount of work 
input under the Third Theory. In Fig. 3 this corre- 
sponds to 80 pct passing 48 mesh, and only this dis- 
tribution line is straight in the fine sizes. 

Taggart’ plots the screen analysis of a representa- 
tive crushed ore in twelve different manners to 
compare the various size distribution theories. All 
the plots show some systematic curvature, indicat- 
ing that the actual size distribution does not con- 
form to any of the theories he considers. The same 
screen analysis is plotted according to the expo- 
nential Third Theory as work-size line A in Fig. 1. 
It yields a substantially straight line, with Er = 

For homogeneous materials the value of the ex- 
posure constant K depends upon the nature of the 
material, the reduction machine, and the type of 
operation. As K increases, the mechanical efficiency 
tends to increase and the work index to decrease. 
Variations of K with different operating conditions 
indicate different efficiencies. A higher value of K 
in closed circuit than in open circuit, in wet grind- 
ing than in dry grinding, in high level discharge 
mills than in low level, and with decreased ball and 
rod sizes, indicates an increased mechanical effi- 
ciency under those conditions. 

Different grinding circuits and conditions in a 
plant can be compared by calculating the work in- 
dex Wi for each grind from Eq. 1. When work-size 
exponential plots of the products are made, the ex- 
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posure ratios Er are measured from Eq. 8, and the 
exposure constants K are calculated from Eq. 17, 
the values of K can be correlated with the Wi 
values. Since the K value will affect the subsequent 
flotation or other processes, such a correlation should 
be of economic value. 
Some approximate K values for average silicious 
ore are listed below: These values are useful in 


Exposure 
Constant 


Type of Operation 


Wet open-circuit grind in overflow ball mill 2 
Wet closed-circuit grind in overflow ball mill 2 
Wet open-circuit grind in overflow rod mill 2 
Dry open-circuit cone crushers 2 


estimating the size distributions to be expected from 
average materials. However, the table should be 
greatly expanded by experience on crushing and 
grinding different materials. 


Summary and Conclusions 

In crushing and grinding the larger particles 
present are more exposed to the work input, and 
are preferentially broken according to their ex- 
posure ratio, which varies from zero for particles 
all of one size to unity for equal work input to all 
sizes. Efficiency increases as the exposure ratio 
decreases. 

The size distribution of a homogeneous product 
apparently plots as a straight line on the new Third 
Theory exponential work-size reduction chart, from 
which the exposure ratio Er is determined. This 
plot is most accurate in the coarse size range. 

The exposure ratio increases regularly with finer 
grinding, presumably because of the grind limit. The 
exposure constant K corrects for this increase, and 
remains constant for different product sizes. When 
the exposure constant and 80 pct passing size, or 
total work input and work index, are known, the 
homogeneous work-size distribution line can be 
plotted exactly. Curved work-size lines show ex- 
cesses or deficiencies at certain sizes; these may re- 
sult from screening or classification, selective action 
of the reduction machine, closed-circuit operation, 
or certain characteristics of the material, including 
natural grain sizes. The K values will affect plant 
flotation recovery and grade and other treatment 
processes subsequent to grinding. Some typical K 
values are listed as an aid in predicting and corre- 
lating size distributions. 

The work-size plots are difficult to make, since 
special plotting paper must be prepared. However, 
it is believed that they would be preferred in many 
instances to log-log plots if suitable printed graph 
paper were made available. They conform more 
closely to the regular exponential size distribution 
law, and they supply fundamental information con- 
cerning crushing and grinding applications which is 
not available from the log-log plots. 
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